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ABSTRACT 
 
Although most bats in the southeastern United States depend on forests for roosting 
and foraging, we know little about the ecological requirements of bats that live in this 
region. The objective of this study was to use radio telemetry, acoustic sampling, 
Akaike’s information theoretic procedures, occupancy modeling, and discriminant 
function analyses to: 1) examine multi-scale roost-site selection for three forest bat 
species [eastern pipistrelles (Perimyotis subflavus), eastern red bats (Lasiurus borealis), 
and northern long-eared bats (Myotis septentrionalis)], 2) test the effects of timber 
harvest on bat foraging ecology in riparian areas, and 3) compare and relate methods of 
assessing vegetative clutter to the probability of detecting bats. We conducted our study 
from 2004–2007 in a dense deciduous forest undergoing low-intensity timber 
management in the southern Appalachian Mountains of western North Carolina, USA. 
We radiotracked eight red bats to 19 roosts, seven pipistrelles to 15 roosts, and 16 male 
and 18 female northern long-eared bats to 50 and 52 roosts, respectively. We recorded 
48,456 bat passes in riparian areas during 8,309 hours on 832 detector-nights and 
assessed bat detection probabilities and vegetative clutter at 71 points. Macrohabitat 
factors were important to male red bats and pipistrelles whereas female northern long-
eared bats displayed mainly microhabitat roost-site preferences. Our results indicated that 
maintaining a diversity of age classes should provide roosting habitat for pipistrelles, red 
bats, and northern long-eared bats. Leaving large diameter trees and snags of preferred 
genera (Quercus, Robinia, Carya) during harvests should ensure a continuous supply of  
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suitable roost structures for reproductive female northern long-eared bats. Pipistrelles and 
female northern long-eared bats may also benefit from retention of mature stands near 
streams. Riparian areas near small streams in our study area served as foraging habitat for 
≥4 bat species and forested buffers affect the foraging activity of bats in riparian areas 
following timber harvest in adjacent forests. Quantitative measurements of individual 
variables (specifically midstory live stem count and canopy crown volume) were the most 
effective measures of clutter relative the other methods we tested because they were good 
predictors of bat detection and were most effective in discriminating among survey points 
of different ages and forest types. In future studies of bat foraging habitat, quantitative 
measures should be used to assess clutter to facilitate comparisons among habitats or 
studies.
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CHAPTER 1 
MACROHABITAT FACTORS AFFECT DAY ROOST SELECTION BY EASTERN 
RED BATS AND EASTERN PIPISTRELLES IN THE SOUTHERN APPALACHIAN 
MOUNTAINS, USA 
 
Abstract 
Although roost sites are critically important to bats, we have few data on 
macrohabitat factors that affect roost selection by foliage roosting bats. Such data are 
needed so that forest managers can make informed decisions regarding conservation of 
bat roosts. Our objective was to examine roost selection by non-reproductive eastern 
pipistrelles (Perimyotis subflavus) and red bats (Lasiurus borealis) in a dense deciduous 
forest undergoing low-intensity timber management in the southern Appalachian 
Mountains of western North Carolina, USA. During May to August 2004-2006, we 
radiotracked eight red bats and seven pipistrelles to roosts for 1–14 days (red bats, 
11.4=x  days, n = 19 roosts; pipistrelles, 7=x  days, n = 15 roosts). We compared roost 
and random trees or points using paired-sample t-tests for tree and microhabitat 
characters and logistic regression models of 1–3 variables for macrohabitat characters. 
Neither red bats nor pipistrelles selected roosts based on tree or microhabitat 
characteristics. Red bats used a wide range of stand ages and conditions and, based on 
our most plausible models for macrohabitat variables, roosted closer than expected           
( 6.70=x  m) to linear openings such as gated roads. Pipistrelles only used stands ≥72 yrs 
in age and roosted closer than expected ( 6.185=x  m) to non-linear openings and at 
elevations lower than expected ( 882=x  m). Combined evidence of multiple variables 
indicated that pipistrelles preferred to roost close to streams. Our results indicate that land 
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managers in the southern Appalachians should maintain a diversity of age classes to 
provide roosting habitat for both species, and that pipistrelles in particular may benefit 
from retention of mature stands or buffer zones near perennial streams. Furthermore, non-
reproductive red bats and pipistrelles may prefer to roost near openings to minimize 
commuting costs when openings comprise a small proportion of a densely forested 
landscape.  
Introduction 
Bats spend about 15 hours per day roosting, so diurnal roost habitat selection is an 
important component of bat ecology (Barclay and Kurta 2007). Most roost ecology 
studies of cavity or crevice-roosting bats have focused on characteristics of the roost tree 
(e.g., size, decay stage) and its immediate surroundings (e.g., abundance of suitable 
roosts, canopy closure; Hayes 2003, Miller et al. 2003, Kalcounis-Rüppell et al. 2005) 
and significant findings have often been attributed to selection for microclimate 
characteristics and predator avoidance (Kunz and Lumsden 2003). In contrast to cavity-
roosting bats, foliage-roosting bats in North America are not well-studied and 
microhabitat and stand-scale factors important in selection of foliage roosts are just 
beginning to be identified (Carter and Menzel 2007). For example, recent studies have 
found that foliage-roosting bats select roosts based on microhabitat characters associated 
with suitable microclimate (Willis and Brigham 2005) or concealment from predators 
(Perry and Thill 2007b). However, effective conservation of roosting habitat also requires 
an understanding of how foliage-roosting bats select roosts at macrohabitat (stand and 
landscape) scales as forest management is generally conducted at these scales.  
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Eastern red bats (Lasiurus borealis) are distributed across much of North America, 
through Mexico, and deep into South America (Shump and Shump 1982). Summer 
roosting ecology of red bats has recently been documented in several regions of North 
America, though their habit of roosting in foliage has long been known (e.g., Constantine 
1966). Both male and female red bats typically select large-diameter live hardwood trees, 
particularly hickory (Carya), oak (Quercus), and gum (Nyssa and Liquidambar), as day 
roosts (Menzel et al. 1998, Hutchinson and Lacki 2000, Mager and Nelson 2001, Elmore 
et al. 2004, Leput 2004, Limpert et al. 2007, Perry et al. 2007) and use stands dominated 
by large overstory hardwoods even when pine (Pinus) or mixed pine-hardwood stands are 
readily available (Menzel et al. 1998, Hutchinson and Lacki 2000, Leput 2004, Perry et 
al. 2007, but see Elmore et al. 2004). Adult males and females have very similar roosting 
habits at the tree, plot, and stand scales in managed mixed pine-hardwood forests in 
Arkansas, USA (Perry et al. 2007). However, in an intensively managed pine plantation 
in Mississippi, USA adult females and solitary juveniles roost in thinned pine plantations, 
whereas adult males favor mature streamside management zones with pines and 
hardwoods >80 years old (Elmore et al. 2004). This same study found little evidence for 
landscape-scale selection, possibly due to the homogeneity of the landscape in which the 
study was conducted. However, in park and preserve land on the eastern shore of 
Maryland, USA, red bats choose sites surrounded by more open urban land and water 
than random sites (Limpert et al. 2007), possibly because these areas were favored for 
foraging or commuting (Elmore et al. 2005, Menzel et al. 2005). Red bats in Arkansas 
roost in areas of low patch diversity and closer to roads at the site specific scale and in 
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areas dominated by larger patches with lower amounts of seed-tree harvesting at a 
landscape scale (Perry et al. 2008). 
Eastern pipistrelles (Perimyotis subflavus) are common in eastern North America 
(Fujita and Kunz 1984) and roost in clusters of live or dead leaves in mature hardwood 
trees, typically oaks (Veilleux et al. 2003, Leput 2004, Perry and Thill 2007b) or in dead 
needles in live shortleaf pine (P. echinata; Perry and Thill 2007b). In Indiana, USA, 
pipistrelles select riparian and upland forests over bottomland forests (Veilleux et al. 
2003) and, in South Carolina, USA roost closer to water than expected (Leput 2004), 
which may have been related to their preference for foraging in riparian habitats (Ford et 
al. 2005, Menzel et al. 2005). In Arkansas, both sexes display stand-scale preferences for 
roosts in mature stands or stream buffers within recently or partially harvested stands 
(Perry and Thill 2007b) and landscape-scale preferences for areas with a diversity of 
patch types and sizes that are farther from roads than random (Perry et al. 2008). In an 
intensively-managed pine landscape in Mississippi, eastern pipistrelles roost exclusively 
in mature (>80 yrs. old) hardwoods in riparian buffers (D.A. Miller, Weyerhaeuser 
Company, personal communication). 
There are still relatively few data on the macrohabitat factors that affect roost 
selection by eastern red bats and eastern pipistrelles and more information is needed to 
enable forest managers to make informed decisions regarding conservation of bat roosts. 
We examined roosting ecology of these two bat species in a dense temperate deciduous 
forest subjected to low-intensity timber management in the southern Appalachian 
Mountains, North Carolina, USA. Our objectives were to describe characteristics of day 
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roosts for non-reproductive bats and examine roost selection at the tree, microhabitat, 
stand and landscape scales. Thermal properties of roosts may be less important for male 
and non-reproductive female bats than for pregnant and lactating bats (Kunz and 
Lumsden 2003) and, thus, non-reproductive bats may display macrohabitat preferences 
for roost sites that enable them to minimize energy costs associated with commutes to 
foraging sites (Broders et al. 2006, Hein et al. 2008). Therefore, we predicted that 
foraging ecology would influence roost selection such that red bats would roost closer to 
open areas and pipistrelles would roost closer to streams.  
Materials and Methods 
Study area—We conducted our study from May to August 2004–2006 on the Wayah 
Ranger District of the Nantahala National Forest in Macon County, North Carolina. Our 
study site was Trimont Ridge, a 2300-ha tract (83◦ 29’E, 35◦ 11’N) that ranged in 
elevation from 700 to 1200 m. The study area was >99% USDA Forest Service property 
(USFS), with small inholdings of private land. Oaks, tulip poplar (Liriodendron 
tulipifera), and hickories were the most common overstory hardwoods while white pine 
(P. strobus) was the most common overstory conifer. Most of the area (>83%) was 
dominated by upland hardwood (oak-hickory, 1235 ha) and cove hardwood forest types 
(poplar-oak, 890 ha), with fewer mixed pine-hardwood stands (15 %; 192 ha) or white 
pine stands (1 %; 22 ha). Based on stand ages in 2005, 124 ha (5.4%) of the area was 
early successional (≤15 yr), 314 ha (13.7%) was sapling/pole (16-39 yr), 673 ha (29.3%) 
was mid-successional (40–79 yr), and 1232 ha (53.6%) was late successional (≥80 yr). 
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However, during October 2005–December 2006, three stands (25 ha) were harvested via 
2-age cuts.  
The study area was dissected by approximately 62 km of roads, 75% of which were 
gated grass-covered USFS roads that received virtually no vehicular traffic. We classified 
two well-maintained ridgetop hiking trails as small linear openings. Wildlife openings (n 
= 57, 31 ha  total, 0.01–3.12 ha each) maintained in grasses by annual mowing and 43 ha 
of 2-age cut stands ≤5 years in age (3.12–10.95 ha) were the only nonlinear openings. 
Over 35 km of perennial streams (typically 2–3 m wide) drained our site, fed by 
numerous smaller intermittent streams (typically 1–2 m wide).  
Mean minimum and maximum daily temperatures from 1 May to 31 August were 
16.1 ◦C and 27.3 ◦C in 2004, 16.8 ◦C and 28.0 ◦C in 2005, and 15.3 ◦C and 27.8 ◦C in 
2006. Precipitation in the same period was 32.5 cm in 2004, 45.0 cm in 2005, and 23.1 
cm in 2006. Temperature and precipitation data were measured at the Macon County 
Airport, ~8 km east of the study area center (State Climate Office of North Carolina).  
Sampling—We conducted mist net surveys on 55 nights at 17 sites. At each site, we 
deployed 1–3 “net sets” consisting of two stacked 6–12 m mist nets (Avinet, Inc., 
Dryden, NY) set over road corridors within USFS property boundaries or beside a small 
pond <25 m from the USFS boundary. We opened nets at sunset and monitored them at 
10 min intervals for 3–4 h. We identified captured bats to species and determined sex, 
age, forearm length (mm), and weight (g), and banded each with a unique aluminum 
forearm band (USFS-SRS or USFS-NC; Lambournes, Ltd., Birmingham, UK). We 
trimmed fur and used surgical glue (Torbot Group, Inc., Cranston, Rhode Island, USA) to 
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attach a 0.35 g (pipistrelles) or 0.42–0.52 g (red bats) radiotransmitter (Holohil Systems, 
Ltd., Ontario, Canada) between the scapulae. We held bats until the glue dried and 
released them at the point of capture. Radio transmitters were 5.6–6.6% of body weight 
for pipistrelles and 3.8–5.1% of body weight for red bats. Animal capture and handling 
methods were approved by the Clemson University Animal Research Committee (Animal 
Use Protocol 40065).  
We used a 3-element Yagi antenna and a TR5 (Telonics, Inc., Mesa, Arizona, USA) 
or R1000 (Communication Specialists, Inc., Orange, California, USA) receiver to locate 
bats at day roosts. We radiotracked bats until the radiotransmitter failed (signal 
weakened) or fell off, or until the bat left the study area (usually ≤1 week). We located 
roosts by homing in on the signal and triangulating around the point where the signal was 
strongest prior to designating a tree as the roost. When we could not confirm the roost 
through visual sightings of bats or emergence observations, we used the suspected tree as 
the bat’s location. For each roost tree or location, we identified a corresponding random 
tree 50 m away in a random direction.  
Roost tree and microhabitat characteristics—We recorded species, diameter at breast 
height (dbh), and height (measured with a hand-held clinometer) of each roost tree and 
corresponding random tree and species and dbh for all live and dead trees >10 cm dbh 
within 11.3 m (0.04 ha) of the roost and random trees. We used diameter measurements 
to calculate plot basal areas for live and dead trees. We measured distance to and height 
of the closest tree ≥10 cm dbh to roost and random trees, and closest tree the same height 
or taller than roost and random trees. We counted all saplings (single woody stems <10 
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cm dbh and ≥2 m in height) along 2-m-wide transects extending 11.3 m away from roost 
and random trees in the four cardinal directions. For each quarter plot, we visually 
estimated percent canopy closure to nearest 25%. Sapling counts and canopy closure 
estimates were averaged for each plot.  
Stand and landscape-scale data—We used a geographic information system (GIS; 
ArcView 3.2 and ArcGIS 9.2; ESRI, Redlands, California) with data from the USFS 
Continuous Inventory of Stand Conditions (CISC) to examine habitat conditions relative 
to bat roost and random locations. We also used road and wildlife opening layers from 
the USFS and converted road shapefiles to polygons by applying a 3 m buffer (total 
width of 6 m). We obtained spatial data on trails from the Southern Appalachian 
Assessment GIS Online Database (http://www.samab.org/data/SAA_data.html) and 
converted these to polygons by applying a 0.75 m buffer (total width of 1.5 m). From 
these, we created a polygon layer of linear openings by combining road and trail 
polygons and a nonlinear opening layer by merging wildlife openings and USFS stands 
≤5 years in age. We used a comprehensive stream layer that was generated by the North 
Carolina Stream Mapping Program (NC Center for Geographic Information and 
Analysis, http://www.ncstreams.org) using light detection and ranging (LiDAR) data and 
digital aerial imagery. We separated streams into two layers; we used topographic maps 
to identify perennial streams and classified all other streams as intermittent.  
We used a Recon GPS unit (Trimble Navigation Ltd., Sunnyvale, California) to 
determine coordinates of each roost location and all capture sites. We plotted points in 
the GIS, calculated the maximum distance traveled between two successive locations for 
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each bat, and then determined mean maximum travel distance for each species. To 
identify available habitat types within the range of roosting bats, we defined a study area 
by creating a 100% minimum convex polygon (MCP) for each species using all roost 
locations and buffering this with mean maximum travel distance moved by that species 
(Miles et al. 2006). Within the boundary of the buffered MCP, we generated a random 
point for every roost location, replacing any random points that fell on non-USFS 
property. Each point was buffered with the mean maximum travel distance and within 
that buffer we calculated area of linear and nonlinear openings and total length of 
perennial and intermittent streams. We also calculated distance to the closest intermittent 
stream, perennial stream, linear opening (road or trail), and nonlinear opening for each 
roost and random point. We determined forest type and stand age (in 2005) using CISC 
data and elevation using a 10 m resolution US Geological Survey digital elevation model 
for Macon County (http://216.119.24.38/website/macgis). We did not use forest type in 
the statistical analysis because all but three roosts and two random points were in upland 
or cove hardwood forests. These two forest types are best differentiated by their 
proximity to streams. We also calculated roosting range (100% MCP) for bats that used 
≥3 roosts. 
Statistical analyses—Due to a low sample of radiotagged bats, we used roosts rather 
than bats as the experimental unit and assumed observations were independent. For the 
same reason, we pooled roost data across years and did not test for temporal variation in 
roost selection. We used SAS® (SAS Institute, Inc. 2004) to conduct all statistical 
analyses outlined below.   
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For tree and microhabitat data, we tested 12 independent variables (Table 1.1) for 
normality using the Shapiro-Wilk W statistic. For normally distributed data, we 
compared roost and random data using two-tailed paired-sample t-tests. We transformed 
non-normal data using logarithm or square root transformations and tested the 
transformed data for normality using the Shapiro-Wilk W statistic. If data were normal 
after transformation, we used two-tailed paired-sample t-tests to compare transformed 
data for roost and random sites. Otherwise, we used Wilcoxon signed rank tests to 
compare untransformed data. The aforementioned tests were considered significant if P ≤ 
0.05. We report untransformed means ± 1 standard error. 
For stand and landscape-scale variables (Table 1.2), we constructed a global logistic 
regression model for each bat species with use (roost or random) as the dependent 
variable to test for multicollinearity. Because variance inflation factors were ≤5.3 in all 
tests, we determined that multicollinearity was not a problem and used all 10 variables in 
subsequent analyses for each species. We constructed logistic regression models, with 
use as the dependent variable, for each bat species. Because our sample of roost trees was 
small, we only examined candidate models with one to three variables (Psyllakis and 
Brigham 2006). Because little is known about stand and landscape-scale selection for 
either species, we explored a large set (175) of candidate models. We used Akaike’s 
information theoretic procedures to rank models by their respective Akaike’s information 
criterion for small sample sizes (AICc) and computed Akaike weights (wi) to compare 
plausibility of competing models (Burnham and Anderson 2002). We considered the 
model with the lowest value for AICc to be the best model, and models with ∆AICc ≤2 to 
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be plausible. Variables in these models were considered important in discriminating 
between roost and random sites. We averaged parameter estimates for important variables 
using values from the candidate model with the highest wi and all subsequent models in 
which those variables appeared until the sum of the weights (∑wi) for the model set was 
equal to 0.95 (Burnham and Anderson 2002). For variables in plausible models, we 
present adjusted odds ratios and unconditional standard errors calculated from averaged 
parameter estimates. To aid in model interpretation we used plots to explore relationships 
between use (roost or random) and each of the independent variables. 
Results 
We captured 168 big brown bats (Eptesicus fuscus), 48 eastern red bats, 7 eastern 
small-footed bats (Myotis leibii), 4 little brown bats (M. lucifugus), 82 northern long-
eared bats (M. septentrionalis), and 16 eastern pipistrelles. Four red bats were non-
reproductive females captured 30 July or later and the rest were males; all captured 
pipistrelles were male. We placed radiotransmitters on 12 eastern red bats (9 adult males, 
2 juvenile males, and 1 juvenile female) and located 18 roosts for seven adult males and 
one roost for a juvenile female. We placed radiotransmitters on eight male eastern 
pipistrelles (seven adult and one juvenile) but one adult was never relocated. We located 
14 roosts for 6 adult pipistrelles and 1 roost for a juvenile pipistrelle. Radiotransmitters 
usually fell off bats in <1 week. Red bats were tracked for 4.11 ± 1.15 days (range 1–10), 
used 2.22 ± 0.68 (range 1–6) trees each, and remained in trees for 1.7 ± 0.32 (range 1–6) 
days. Five red bats flew during daylight hours, including one of the bats that we never 
found in a roost. Of the four subsequently relocated in roost trees, we observed (via 
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telemetry) daytime flight for three adult males on one or two of 3–12 tracking days, and a 
juvenile female flew on six of seven tracking days. Pipistrelles were tracked for 7 ± 1.5 
(range 1–14) days, used 2.29 ± 0.47 (range 1–4) trees each, and remained in trees for 2.5 
± 0.47 (range 1–6) days. Three red bats and two pipistrelles returned to a previously used 
tree after roosting in a different tree.  
We calculated roosting range for three red bats: one used three roosts in 0.01 ha in 10 
days; one used five roosts in 1.5 ha in 13 days; and another used six roosts in 9.14 ha in 6 
days. Mean maximum distance among locations for all red bats was 450 ± 91 m (range 
2.1–836.5 m). We also calculated roosting range for three male pipistrelles: one used 
three roosts in 0.02 ha in 10 days; one used three roosts in 0.08 ha in 14 days; and a third 
used three roosts in 3.19 ha in 6 days. Mean maximum distance among locations for all 
pipistrelles was 600 ± 225 m (range 14.3–1817.9 m). Four pipistrelles were captured and 
radio-tagged at a small pond adjacent to the USFS boundary on the north side of our 
study area, and subsequently relocated on USFS property. The day after capture, two of 
these bats roosted within 200 m of the pond, but the following day one moved 630 m to a 
mature stand adjacent to a 1 year old two-age cut. A third pipistrelle was located in a tree 
900 m from the pond on the day after capture but then disappeared from the study area. 
The fourth pipistrelle moved upstream 1800 m from the pond the first night he carried a 
transmitter and moved 360 m downstream on the sixth day he was tracked. 
Roost tree and microhabitat characteristics—We tracked red bats to hickories (n = 
5), oaks (n = 4), poplars (n = 3), sassafras (Sassafras albidum; n = 2), an American 
chestnut (Castanea dentata), a birch (Betula), a maple (Acer), a rhododendron 
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(Rhododendron), and a sourwood (Oxydendrum arboreum). With respect to micro- and 
macrohabitat characteristics, the single roost we located for the juvenile female was 
similar to roosts used by multiple male red bats in this study. We visually confirmed four 
roosts close to the ground for three males: one roosted for two days 1.5 m above ground 
in dried dead leaves in a downed 25.9 cm dbh scarlet oak (Q. coccinea); one spent one 
day 6 m high in a 10.6 cm dbh sourwood in an early successional stand; and one bat 
roosted 2 m above ground in a 3 cm dbh sassafras for four days and 6 m high in a 7.3 cm 
dbh American chestnut for three days (we do not know if bats left these roosts at night or 
if they roosted continuously). Based on radio signals, we suspected all other red bat 
roosts were high (≥10 m) above ground. 
Male pipistrelles were tracked to hickory (n = 4), maple (n = 2), birch (n = 2), a 
poplar, an oak, a Fraser magnolia (Magnolia fraseri), and a white pine. Though we never 
visually confirmed any of these roosts, we suspected the pipistrelle using the white pine 
was hidden in a cluster of dead leaves caught in the branches of the pine ~25 m high. 
Radiotelemetry signals always indicated foliage roosting in live trees (i.e., no evidence to 
suggest pipistrelles were roosting in cavities of dead or damaged trees).  
Tree and microhabitat characteristics did not differ significantly (P ≥ 0.32) between 
red bat roost and random sites (Table 1.1). Red bats used large diameter trees of moderate 
height similar to surrounding tree heights. Ten red bat roosts were in stands with 450–750 
live trees/ha and nine roosts were in stands with 1025–1825 saplings/0.2 ha. Tree and 
microhabitat characteristics also did not differ (P ≥ 0.47) between male pipistrelle roosts 
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and corresponding random sites (Table 1.1). Pipistrelles used tall, large diameter trees 
that were taller than the nearest tree but not necessarily the tallest tree in the plot.  
Stand and landscape selection—Nine red bat roosts were in cove hardwood (poplar-
oak) stands and 10 were in upland hardwood stands (7 in oak-hickory, 2 in oak-pine, and 
1 in white pine-upland hardwood). Both plausible models for red bat roost selection 
contained distance to linear openings and elevation (Table 1.3). Only distance to linear 
openings had a relative-importance weight >0.60 but 90% confidence intervals contained 
0 (Table 1.4). Red bats roosted closer to linear openings than expected and for every 50 
m decrease in distance to linear opening, odds that a red bat would use a site increased 
1.77 times (95% CI: 0.67–4.69). Plausible models showed that red bats selected sites at 
lower elevations, with a greater length of perennial streams, but farther from intermittent 
streams (Tables 1.4 and 1.5). Distance to permanent streams was not an important 
predictor of use (Table 1.4). Although mean distance to nonlinear openings was two 
times greater for random sites than for red bat roost sites (Table 1.5), the random site 
mean was strongly influenced by two points >900 m from a nonlinear opening and 
distance to nonlinear openings did not appear in plausible models.  
Three male pipistrelle roosts were in upland hardwood (oak-hickory) stands and 12 
were in cove hardwood (poplar-oak) stands. Distance to nonlinear opening was in every 
plausible macrohabitat model for pipistrelles and elevation was in all but one plausible 
model (Table 1.3). Both distance to nonlinear opening and elevation had relative-
importance weights >0.60 but 90% confidence intervals contained 0 (Table 1.4). For 
every 50 m decrease in distance to nonlinear opening, chances that a pipistrelle would use 
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the site increased by 2.75 (95% CI: 0.82–9.19). Chances that a pipistrelle would use a site 
increased two times (95% CI: 0.48–8.33) for every 50 m decrease in elevation. Although 
individual weights for stream-related parameter estimates were low (Table 1.4), six 
plausible models included some measure of proximity to, or length of, streams (Table 
1.3). On average, male pipistrelles roosted 36 m from intermittent streams (never >105 
m), 96 m from perennial streams (never >280 m) and in areas with 46 m of intermittent 
streams in the surrounding buffer (Table 1.6). Stand age appeared in one plausible model 
(Table 1.3), and the positive parameter estimate (Table 1.4) indicated that male 
pipistrelles selected more mature stands. Random sites were in 17– to 127-year-old 
stands while pipistrelles used stands 72–114 years old (Table 1.6). One bat roosted in a 
stand that was being cleared but in our analysis we used the stand age prior to harvest. 
The negative parameter estimate for area of nonlinear openings (Table 1.4) indicated that 
male pipistrelles avoided sites with a higher relative area of nonlinear openings in the 
surrounding buffer. However, nonlinear openings comprised 5.5–9.2% of the 600 m 
buffer for 6 pipistrelle roosts, but never comprised >5.6 % of the 600 m buffer for 
random points (Table 1.6). Furthermore, there were 2.27 ± 0.06 (1–4) openings around 
pipistrelle roosts, averaging 1.29 ± 0.1 (0.09–3.38) ha each and 1.67 ± 0.10 (0–6) 
openings around random points, averaging 0.90 ± 0.11 (0.0–5.86) ha each. 
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Table 1.1. Mean, standard error (S.E.), minimum (Min), and max (Maximum) values for tree and microhabitat variables for 
roosts used by eastern red bats and eastern pipistrelles in southwestern North Carolina, USA, 2004–2006. Tree and 
microhabitat characteristics did not differ from random points for either bat species (P ≥ 0.32).  
 
    Red bats   Eastern pipistrelles 
Variable   Mean SE Min Max   Mean SE Min Max 
Roost tree height (m) 16.9 3.0 4.0 37.4 26.9 4.9 15.0 54.0 
Dbh (cm) 28.3 6.1 3.0 80.0 26.5 4.3 13.6 46.5 
Distance to nearest tree (m) 2.9 0.1 0.5 7.0 1.5 0.3 0.5 3.0 
Height of nearest tree (m) 17.2 2.4 5.0 29.5 19.7 4.2 3.4 43.5 
Distance to nearest taller tree (m) 5.8 1.7 0.5 18.0 4.6 0.9 2.0 8.0 
Height of nearest taller tree (m) 19.1 2.5 5.0 29.5 27.8 4.6 10.0 43.5 
Saplings/ha 951.3 115.0 150.0 1825.0 662.5 132.6 200.0 1650.0 
Canopy Cover (%) 63.5 4.6 12.5 100.0 58.1 7.4 25.0 76.3 
Live tree basal area (m2/ha) 16.9 1.6 3.6 28.6 25.6 3.7 0.4 45.8 
Live trees/ha 426.4 44.0 75.0 750.0 377.08 43.6 50.0 625.0 
Dead tree basal area (m2/ha) 1.6 0.6 0.0 8.8 1.6 0.8 0.0 8.5 
Dead trees/ha   33.3 7.6 0.0 100.0   37.5 14.3 0.0 125.0 
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Table 1.2. Stand and landscape variables used in candidate models of roost selection by 
eastern red bats and eastern pipistrelles in southwestern North Carolina, USA, 2004–
2006. 
 
 
 
Table 1.3. Akaike's information criterion for small sample sizes (AICc), difference in 
AICc value when compared to the model with the lowest AICc value (∆AICc), and 
Akaike weight (wi) for models with ∆AICc ≤ 2 from the a priori set of 175 candidate 
models used to predict stand and landscape level roost-site selection by eastern red bats 
and eastern pipistrelles in southwestern North Carolina, USA, 2004–2006. 
 
Variable Units Definition
age yrs Stand age in 2005
elevation m Digital elevation in 10 m grid cell containing point
dist_linopen m Distance to linear opening (road/trail)
dist_nonlinopen m Distance to non-linear opening (cut/wildlife opening)
dist_perstrm m Distance to perennial stream
dist_intstrm m Distance to intermittent stream
den_linopen ha/ha Density of linear openings inside buffera
den_nonlinopen ha/ha Density of non-linear openings inside buffer
den_perstrm m/ha Density of perennial streams inside buffer
den_intstrm m/ha Density of intermittent streams inside buffer
aBuffer radius is 450 m for red bats and 600 m for pipistrelles
Modela AICc ∆AICc wi
Red bats
dist_linopen elevation dist_intstrm 40.578 0.000 0.1698
dist_linopen elevation den_perstrm 41.962 1.384 0.0850
Eastern pipistrelles
dist_nonlinopen den_intstrm elevation 21.349 0.000 0.1344
dist_nonlinopen den_intstrm den_nonlinopen 21.930 0.581 0.1005
dist_nonlinopen elevation age 22.401 1.052 0.0794
dist_nonlinopen elevation  22.566 1.217 0.0731
dist_nonlinopen elevation dist_intstrm 22.795 1.446 0.0652
dist_nonlinopen elevation den_nonlinopen 22.797 1.448 0.0651
dist_nonlinopen elevation den_intstrm 22.822 1.473 0.0643
dist_nonlinopen elevation dist_perstrm 23.306 1.957 0.0505
aRefer to Table 1.2 for variable definitions
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Table 1.4. Model averaged parameter estimates, unconditional standard errors (S.E.s), 
odds ratios, and sum of Akaike weights (∑wi) of predictor variables found in plausible 
models (∆AICc ≤ 2) for eastern red bat and eastern pipistrelle roost selection in 
southwestern North Carolina, USA, 2004–2006. 
 
Parametera Estimate S.E. Odds ratio ∑wi
Red bat
dist_linopen -0.0114 0.0099 0.9886 0.6824
elevation -0.0104 0.0140 0.9897 0.4977
den_perstrm 0.0504 0.0735 1.0517 0.3466
dist_intstrm 0.0052 0.0090 1.0052 0.2359
Eastern pipistrelle
dist_nonlinopen -0.0203 0.0123 0.9800 0.9938
elevation -0.0139 0.0145 0.9862 0.6140
den_intstrm 0.1362 0.2182 1.1459 0.3261
den_nonlinopen -27.2482 46.8322 0.0000 0.2413
dist_intstrm -0.0112 0.0195 0.9889 0.2216
dist_perstrm -0.0036 0.0065 0.9964 0.1866
age 0.0076 0.0176 1.0077 0.0949
aRefer to Table 1.2 for variable definitions
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Table 1.5. Mean, standard error (S.E.), minimum (Min), and maximum (Max) values of stand and landscape variables 
measured for eastern red bat roosts and associated random sites in southwestern North Carolina, USA, 2004–2006. 
 
 
Variablea Mean S.E. Min Max Mean S.E. Min Max
stand age (yrs) 73.53 9.98 5.00 127.00 73.84 8.60 18.00 127.00
elevation (m) 926.43 13.59 846.44 1020.32 957.49 19.96 787.19 1114.06
dist_linopen (m) 70.58 18.08 10.00 302.55 150.93 30.50 7.71 406.84
dist_nonlinopen (m) 157.82 31.36 0.00 407.00 348.91 57.96 69.69 974.64
dist_perstrm (m) 261.94 35.00 15.85 527.83 311.72 36.37 58.11 553.09
dist_intstrm (m) 71.55 12.04 3.70 203.28 62.95 12.18 9.27 219.74
den_linopen (%) 1.58 0.11 0.98 2.61 1.46 0.20 0.09 3.18
den_nonlinopen (%) 1.98 0.94 0.00 15.16 2.82 0.73 0.00 9.74
den_perstrm (m/ha) 11.22 1.53 0.00 21.26 7.61 1.81 0.00 27.67
den_intstrm (m/ha) 37.52 2.65 24.05 72.30 40.00 2.05 23.48 57.40
Roost Random
aRefer to Table 1.2 for variable definitions
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Table 1.6. Mean, standard error, minimum (Min), and maximum (Max) values of stand and landscape variables measured for 
eastern pipistrelle roosts and associated random sites in southwestern North Carolina, USA, 2004–2006. 
 
 
 
Variablea Mean S.E. Min Max Mean S.E. Min Max
stand age (yrs) 79.40 2.60 72.00 114.00 81.53 7.69 17.00 127.00
elevation (m) 882.02 25.08 797.48 1145.40 992.54 28.92 830.82 1223.30
dist_linopen (m) 136.54 25.17 4.00 285.20 189.27 37.97 13.53 546.39
dist_nonlinopen (m) 185.58 35.78 0.00 369.31 395.43 40.47 31.80 640.30
dist_perstrm (m) 95.79 21.58 5.73 279.39 227.09 34.29 14.75 572.52
dist_intstrm (m) 35.59 7.25 4.97 104.33 88.47 14.01 18.52 196.49
den_linopen (%) 1.39 0.07 0.84 1.67 1.25 0.15 0.12 2.06
den_nonlinopen (%) 3.10 0.98 0.13 9.24 1.33 0.51 0.00 5.58
den_perstrm (m/ha) 13.32 1.53 4.34 21.54 10.33 1.65 0.57 20.68
den_intstrm (m/ha) 45.85 2.44 35.72 63.09 38.68 1.60 30.24 50.82
Roost Random
aRefer to Table 1.2 for variable definitions
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Discussion 
We found that tree, microhabitat, and stand-scale traits were not significant factors in 
roost-site selection by non-reproductive eastern red bats and male eastern pipistrelles. 
However, we found that both species selected roosts based on proximity to particular 
landscape features. The lack of significance for microhabitat traits contrasts with some 
studies on roost selection for red bats and pipistrelles (e.g., Hutchinson and Lacki 2000, 
Veilleux et al. 2003, Elmore et al. 2004, Perry and Thill 2007b). The disparity between 
our study and other studies may have been due to the relative uniformity of microhabitat 
conditions across our study area. However, landscape factors may also have been more 
important in our study because we focused on non-reproductive individuals which may 
select roosts at the macrohabitat scale to minimize commuting costs [e.g. red bats, 
Elmore et al. 2004 and Seminole bats (Lasiurus seminolus), Hein et al. 2008] as opposed 
to reproductive females which may select roosts at the microhabitat scale to minimize 
thermoregulatory costs.  
As we predicted, red bats roosted closer to open areas, particularly linear openings 
that probably served as commuting corridors. Proximity to nonlinear openings was an 
important factor in roost selection for male pipistrelles, and we found support for our 
prediction that pipistrelles would choose roost sites close to streams. Proximity to 
foraging habitat (openings or streams) may be particularly important for pipistrelles as 
they are smaller and not as well-adapted for long-distance flight as red bats (Norberg and 
Rayner 1987). Although we found evidence that pipistrelles commuted long distances to 
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use a pond, we doubt that pipistrelles prefer to make such long commutes and we have 
limited evidence that male pipistrelles have small roosting ranges.  
Red bats primarily used the three most common genera of large overstory hardwoods 
(oaks, hickories, and poplars) and the two most common hardwood forest types available 
in our study area. In general, red bats prefer to roost in hardwood trees, even in 
landscapes in which pines are abundant (Menzel et al. 1998, Hutchinson and Lacki 2000, 
Elmore et al. 2004, Leput 2004, Perry et al. 2007). Consistent with previous studies (e.g., 
Menzel et al. 1998, Mager and Nelson 2001, Perry et al. 2007) red bats we radiotracked 
used primarily large diameter hardwoods, but we also visually confirmed that red bats 
used small diameter trees and saplings as was found in Mississippi (Elmore et al. 2004).  
Stand age was not a significant factor in red bat roost selection. Some studies (e.g., 
Hutchinson and Lacki 2000, Limpert et al. 2007, Perry et al. 2007) have shown that red 
bats prefer mature stands, possibly because of preferences for roosting in mature 
hardwood trees. However, non-reproductive red bats in our study occasionally roosted in 
early successional or sapling/pole stands even though stands ≥80 yr old were widely 
available in the area. The wide range of stand ages and conditions used by red bats in our 
study, in Mississippi (Elmore et al. 2004), and in Arkansas (Perry et al. 2007) suggest 
that, with respect to roost habitat selection, non-reproductive red bats are tolerant of 
timber harvesting (but see Hutchinson and Lacki 2000). Furthermore, red bats roosted 
closer than expected to linear openings, suggesting that roads built for timber harvest 
operations may be used by red bats for commuting and/or foraging. Perry et al. (2008) 
also found that red bat roosts were closer to roads than random sites. In contrast, 
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Hutchinson and Lacki (2000) never found red bat roosts <50 m from edge habitat and 
suggested that, in unfragmented forests, red bats might avoid roosting near edges to 
minimize predation risk. Although we did not measure distance to all types of edges, we 
found that on average red bats roosted 71 and 158 m from linear and nonlinear openings, 
respectively, and like Perry et al. (2007, 2008) found that red bats will roost near edges. 
Red bats primarily forage in open habitats (Mager and Nelson 2001, Menzel et al. 2002a, 
Loeb and O’Keefe 2006), which may be necessitated by their relatively high wing 
loading (Lacki et al. 2007). Although roosting near edges may increase predation risk, 
non-reproductive red bats may prefer to trade increased risk for decreased commuting 
costs.  
Male eastern pipistrelles primarily roosted in hickories, maples, and birches. Only one 
roost was thought to be in an oak, which was surprising because pipistrelles select oaks 
over other species in Indiana, South Carolina, and Arkansas (Veilleux et al. 2003, Leput, 
2004, Perry and Thill 2007b). However, because our sample size was small, we do not 
have sufficient evidence to say that pipistrelles used oaks less than expected. Like Perry 
and Thill (2007b), we found that pipistrelles used conifers, but probably only when there 
is dead vegetation that provides concealment. 
Although stand age was not an important predictor of male pipistrelle roost-site 
selection, pipistrelles only used stands ≥72 years old. Previous studies (Veilleux et al. 
2003, Leput 2004, Perry and Thill 2007b) showed that pipistrelles select mature 
hardwood stands with an open understory. We found no evidence for stand-scale 
selection, which was not surprising in a landscape dominated by mature hardwood stands. 
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However, canopy closure values for this study (58%) and other studies (41–70%; 
Veilleux et al. 2003, Leput 2004, Perry and Thill 2007b) are not characteristic of a closed 
canopy and indicate that pipistrelles may use portions of mature stands where there is 
more light due to a canopy gap or an edge.  
Several landscape characteristics were important in male pipistrelle roost selection. 
When compared to random sites, pipistrelle roosts were closer to nonlinear openings        
( 186=x  m) and often in areas with more openings in the surrounding buffer. We suspect 
that in our study area the optimal distance to an edge is ≥100 m because despite roosting 
closer to edges than expected, pipistrelles roosted farther from edges than in previous 
studies (52 m and 70 m, Veilleux et al. 2003 and Leput 2004, respectively). Because 
pipistrelles are commonly recorded foraging in early successional habitats (Ellis et al. 
2002, Loeb and O’Keefe 2006) they may roost closer to openings to minimize 
commuting costs.  
Although model averaged weights for length of intermittent streams, distance to 
intermittent stream, and distance to perennial stream were low (Table 1.4), their inclusion 
in the top models combined with pipistrelles’ preference for low elevation sites suggest 
that proximity to streams is an important factor in roost site selection by male pipistrelles. 
Furthermore, 12 of 15 pipistrelle roosts were in cove hardwood forests which are 
associated with streams. Others have also found that pipistrelles favor riparian habitats, 
whether for foraging (Owen et al. 2004, Ford et al. 2005, Menzel et al. 2005) or for the 
mature hardwood trees retained in riparian areas on landscapes with timber harvest (Perry 
and Thill 2007b). In Arkansas, pipistrelles select stands with a mature hardwood 
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component (Perry et al. 2008) but mature hardwoods were not restricted to riparian zones 
at our study site and thus, it is possible that in our study area pipistrelles roosted near 
streams to maximize foraging efficiency.  
Management Implications 
Non-reproductive red bats in our study sometimes roosted in early successional 
stands but we recommend maintaining a diversity of age classes within a forest landscape 
because mature stands may provide benefits, such as low clutter foraging habitat, not 
identified by our study design. In addition, if maintenance of stand-level habitat quality 
for red bats is a management objective, we recommend retaining a basal area of ≥3.6 
m
2/ha of hardwoods >10 cm dbh during timber harvest operations as this was the lowest 
value for a stand used by a red bat in our study. Because proximity to linear openings was 
the most important factor in roost selection in this study, non-reproductive eastern red 
bats may also benefit from creation of linear, and possibly nonlinear, openings in a 
densely forested landscape.  
Although male pipistrelles never used stands <72 yrs, male pipistrelles may benefit 
from creation of small nonlinear openings (<5 ha) in a densely forested area when these 
openings represent only a minor percentage of the landscape. As a whole, our data 
suggest that male pipistrelles would favor roost sites in mature stands near perennial 
streams with small openings nearby. Alternately, they may roost within large (≥100 m) 
riparian buffer zones adjacent to newly harvested stands when ≥14.5 m2/ha basal area of 
hardwoods >10 cm dbh are retained in these buffers. Although not tested in our study, 
our capture data indicate that small ponds could be important foraging areas for 
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pipistrelles as some bats foraged over a small pond 900–1800 m from their roost sites. 
Because small ponds also function as openings, pipistrelles might use both types of 
openings equally for their structure or may favor one or the other for prey availability. 
We recommend that future studies test hypotheses about the role of small (>0.1 ha) 
openings (whether wet or dry) in roosting and foraging ecology of eastern pipistrelles in 
mature hardwood-dominated forests where openings and permanent water bodies are 
sparse or absent. 
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CHAPTER 2 
ROOST ECOLOGY OF MALE AND FEMALE NORTHERN LONG-EARED BATS 
IN THE SOUTHERN APPALACHIAN MOUNTAINS, USA 
 
Abstract 
Microhabitat factors affect roost-site selection by cavity and crevice-roosting bats, but 
there are few data on the significance of macrohabitat factors. Forests managers need 
such data to make informed decisions about conservation of bat roosts. We examined 
roost selection by male and female northern long-eared bats (Myotis septentrionalis) in a 
dense temperate deciduous forest subjected to low-intensity timber management in the 
southern Appalachian Mountains of western North Carolina, USA. During May–August 
2004–2007, we radiotracked 16 males and 18 females to roosts for an average of 6.2 days 
each (range 1–15 days; males, n = 50 roosts; females, n = 52 roosts).We used conditional 
logit models to test for microhabitat selection, using tree (roost or random) as the 
experimental unit, and logistic regression models to test for macrohabitat selection, using 
stand (used or random) as the experiment unit. For males, few microhabitat factors were 
important; a typical roost was a cavity in a small diameter live-damaged tree with low 
midstory closure below the roost. In contrast, several microhabitat factors were important 
for female roost-site selection; roosts were generally large diameter live-damaged or dead 
canopy trees with low canopy closure and in close proximity to other suitable roosts. 
Macrohabitat factors were not important to males, but combined evidence of multiple 
variables indicated that females preferred to roost near streams in cove forests, which 
may relate to density of suitable roosts or to preferences for foraging in riparian forests.  
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Land managers in the southern Appalachians should retain patches of mature forests 
during timber harvest in close proximity to foraging habitat (streams and openings); 
leaving 40 large (>40 cm diameter) trees and snags/ha of preferred genera (Quercus, 
Robinia) during harvests should ensure a continuous supply of suitable roost structures 
for reproductive females.  
Introduction 
Bats use a wide variety of tree roosts ranging from ephemeral (e.g., exfoliating bark) 
to more permanent structures (e.g., tree cavities; Kunz and Lumsden 2003). Roost-site 
selection is likely a balance between selection for stable roosts versus roost abundance 
and factors that enable energy conservation and facilitate social interactions and rearing 
of young (Kunz and Lumdsen 2003). Because roost sites are critical resources for bats 
(Kalcounis-Rüppell et al. 2005), resource managers that want to conserve bat habitat need 
information on the factors that affect micro- and macrohabitat roost-site selection. Most 
roost ecology studies have focused on a suite of variables related to the roost tree (e.g., 
size, decay stage) and its immediate surroundings (e.g., abundance of suitable roosts, 
canopy closure; Miller et al. 2003; Kalcounis-Rüppell et al. 2005). There is strong 
evidence that bats prefer to roost in tall, large diameter trees with open canopy and in 
close proximity to snags (Kalcounis-Rüppell et al. 2005). These findings have often been 
attributed to selection for microclimate characteristics and predator avoidance (Kunz and 
Lumsden 2003). Roosting in close proximity to snags enables a fission-fusion social 
structure, in which colony members switch roosts and roost-mates in response to 
environmental factors and to facilitate cooperation among group members (Kerth and 
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Konig 1999). Recent forest bat roost ecology studies have determined that landscape-
scale factors may be as important as microhabitat characteristics (Broders et al. 2006, 
Miles et al. 2006, Hein et al. 2008). In an unmanaged forest, evening bats (Nycticeius 
humeralis) select roost sites near preferred foraging sites, such as mature pine stands and 
water (Miles et al. 2006) and in a managed forest, landscape-level factors, such as 
proximity to linear forest corridors and openings, are more important to roost-site 
selection than plot-level factors for non-reproductive Seminole bats (Lasiurus seminolus; 
Hein et al. 2008). However, even though forest management is generally conducted at the 
stand and landscape scales, we still know very little about how macrohabitat factors 
affect roost-site selection for most forest bat species. 
The northern long-eared bat (Myotis septentrionalis) is a forest bat species distributed 
throughout central and eastern North America (Caceres and Barclay 2000). During the 
summer maternity period, female northern long-eared bats form maternity colonies under 
bark or inside the cavities of dead or damaged trees that are typically larger in diameter 
and taller than other available trees (Sasse and Pekins 1996, Lacki and Schwierjohann 
2001, Broders and Forbes 2004). Males tend to use smaller diameter dead or damaged 
trees (Lacki and Schwierjohann 2001, Broders and Forbes 2004, Perry and Thill 2007a), 
but males and females typically overlap in their use of tree species (Lacki and 
Schwierjohann 2001, Menzel et al. 2002b, Ford et al. 2006b, Perry and Thill 2007a; but 
see Broders and Forbes 2004). Types of trees used varies within and among study areas 
but is not random; for example, in New Brunswick, Canada females select shade tolerant 
hardwoods (Broders and Forbes 2004), but in mixed pine-hardwood forests in Arkansas, 
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USA, both sexes prefer shortleaf pine (Pinus echinata) snags over hardwood snags (Perry 
and Thill 2007a). 
The diversity of tree species and sizes used within study areas and across the species’ 
range (e.g., Sasse and Pekins 1996, Cryan et al. 2001, Carter and Feldhammer 2005, 
Perry and Thill 2007a) suggests that northern long-eared bats are somewhat flexible with 
regard to roost-site selection at the microhabitat scale. Stand-scale roost-site preferences 
may be influenced by roost tree preferences. Female northern long-eared bat roosts are 
typically in mature forests (Sasse and Pekins 1996, Lacki and Schwierjohann 2001, 
Broders and Forbes 2004, Perry and Thill 2007a), which is likely a reflection of their 
microhabitat preferences for roosting in large trees. In Arkansas, males show a preference 
for dense stands (Perry and Thill 2007a), possibly because small snags used by males are 
more prevalent in dense stands. When stands containing suitable roost structures are not 
limiting, larger scale factors, such as proximity to foraging areas, may be important. 
Roosting close to foraging areas should enable bats to minimize energy costs associated 
with commuting (Broders et al. 2006, Miles et al. 2006, Hein et al. 2008). Proximity to 
water and roads were not significant factors in roost-site selection in Kentucky, USA 
(Lacki and Schwierjohann 2001) but male and female roosts (combined) are closer to 
roads than expected in Arkansas (Perry et al. 2008). However, significance of minimizing 
commutes to foraging sites may vary by sex. For example, male northern long-eared bats 
in New Brunswick have smaller foraging areas that are closer to their roosting areas than 
females (Broders et al. 2006). Proximity to foraging sites is more likely to be the primary 
factor influencing male roost-site selection because male northern long-eared bats tend to 
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roost alone (Lacki and Schwierjohann 2001, Broders and Forbes 2004, Perry and Thill 
2007a) and thermal properties of roosts are probably less important than for females 
(Kunz and Lumsden 2003). In contrast, female northern long-eared bats exhibit a fission-
fusion social structure (Garroway and Broders 2007) and may prefer to roost in stands 
with numerous suitable potential roosts so that frequent switching among roosts is 
possible (Broders and Forbes 2004). Such stands are not randomly situated on the 
landscape and, thus, proximity to foraging habitat may be of secondary importance for 
roost-site selection by reproductive females.  
There are still relatively few data on the macrohabitat factors that affect roost 
selection by northern long-eared bats and more information is needed to enable forest 
managers to make informed decisions regarding conservation of bat roost habitat. We 
examined roosting ecology of male and female northern long-eared bats in a dense 
temperate deciduous forest subjected to low-intensity timber management in the southern 
Appalachian Mountains, North Carolina, USA. Our objectives were to describe 
characteristics of day roosts and examine roost-site selection at the microhabitat (tree and 
plot) and macrohabitat (stand and landscape) scales. We predicted that macrohabitat 
factors would be most important for males, but that both micro- and macrohabitat factors 
would be important for females. 
Materials and Methods 
Study area—We conducted our study from May to August 2004–2007 on the Wayah 
Ranger District of the Nantahala National Forest in Macon County, North Carolina. Our 
study site was Trimont Ridge, a 4600-ha tract (83◦ 29’E, 35◦ 11’N; Figure 2.1) that 
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ranged in elevation from 700 to 1500 m. The study area was 98% USDA Forest Service 
property (USFS), with small inholdings of private land. Oaks (Quercus), tulip poplar 
(Liriodendron tulipifera), and hickories (Carya) were the most common overstory 
hardwoods and white pine (P. strobus) was the most common overstory conifer. Most of 
the area (>85%) was dominated by upland hardwood (oak-hickory, 2439 ha) and cove 
hardwood forest types (poplar-oak, 1532 ha), with fewer mixed pine-hardwood stands 
(10%; 452 ha) or pine stands (2%; 98 ha). Based on stand ages in 2005, 244 ha (5.3%) of 
the area was early successional (≤15 years), 546 ha (11.8%) was sapling/pole (16–39 
years), 1137 ha (24.7%) was mid-successional (40–79 years), and 2604 ha (56.6%) was 
late successional (≥80 years). However, during October 2005–December 2006, five 
stands (40 ha) were harvested via 2-age cuts.  
The study area was dissected by approximately 76 km of roads, 85% of which were 
gated grass-covered USFS roads that received virtually no vehicular traffic. We classified 
two well-maintained ridgetop hiking trails as small linear openings. Wildlife openings (n 
= 57, 31 ha total, 0.01–3.1 ha each) maintained in grasses by annual mowing and 2-age 
cut stands ≤5 years in age (n = 16, 122 ha total, 3.1–10.9 ha each) were the only nonlinear 
openings within our study area. Over 35 km of perennial streams (typically 2–3 m wide) 
drained our site, fed by numerous smaller intermittent streams (typically 1–2 m wide).  
Mean minimum and maximum daily temperatures from 1 May to 31 August were 
16.1◦C and 27.3◦C in 2004, 16.8◦C and 28.0◦C in 2005, 15.3◦C and 27.8◦C in 2006, and 
14.3◦C and 21.7◦C in 2007. Total precipitation in the same period was 53.8 cm in 2004, 
51 cm in 2005, 30.1 cm in 2006, and 43 cm in 2007. Temperatures and remotely sensed 
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precipitation estimates are for Wayah Bald, ~13 km southwest of the study area center 
(State Climate Office of North Carolina). 
Sampling—We conducted mist net surveys on 65 nights at 21 sites. At each site, we 
deployed 1–3 “net sets” consisting of two stacked 6–12 m mist nets (Avinet, Inc., 
Dryden, New York, USA) set over road corridors within USFS property boundaries or 
beside a small pond <25 m from the USFS boundary. We opened nets at sunset and 
monitored them at 10 min intervals for 3–4 h. We identified captured bats to species and 
determined sex, age, forearm length (mm), and weight (g), and banded each with a 
unique aluminum forearm band (USFS-SRS or USFS-NC; Lambournes, Ltd., 
Birmingham, UK). We trimmed fur and used surgical glue (Torbot Group, Inc., Cranston, 
Rhode Island, USA) to attach a 0.35–0.42 g radiotransmitter (Holohil Systems, Ltd., 
Ontario, Canada) between the scapulae. We held bats until the glue dried and released 
them at the point of capture. Radio transmitters were 4.5–7.2% of body weight for adults 
and 5.5–6.7% of body weight for juveniles. Animal capture and handling methods were 
approved by the Clemson University Animal Research Committee (Animal Use Protocol 
40065).  
We used a 3-element Yagi antenna and a TR5 (Telonics, Inc., Mesa, Arizona, USA) 
or R1000 (Communication Specialists, Inc., Orange, California, USA) receiver to locate 
bats at day roosts. We radiotracked bats until the radiotransmitter failed (signal 
weakened) or fell off, or until the bat left the study area (usually ≤1 week). We located 
roosts by homing in on the signal and triangulating around the point where the signal was 
strongest prior to designating a tree as the roost. We confirmed most roosts through 
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visual sightings of bats or emergence observations. We also conducted emergence counts 
at some known maternity roosts on days when no radio-tagged bats were known to be 
using the tree. In cases where we could not confirm the roost, we used the suspected tree 
as the bat’s location. For 35 male roosts and 33 female roosts, we identified a 
corresponding random tree 50 m away in a random direction.  
Roost tree and microhabitat characteristics—We recorded species, diameter at breast 
height (dbh), and height (measured with a hand-held clinometer) of each roost tree and 
corresponding random tree, and species and dbh for all live and dead trees >10 cm dbh 
within 11.3 m (0.04 ha) of the roost and random trees. We used diameter measurements 
to calculate plot basal areas for live and dead trees. We visually estimated canopy and 
midstory closure within a 2 m radius circle centered on roost and random trees. We 
measured distance to and height of the closest tree ≥10 cm dbh to roost and random trees, 
and closest tree the same height or taller than roost and random trees. For each quarter 
plot, we visually estimated percent canopy closure to nearest 25% and then calculated 
mean canopy closure for the entire plot. Live and dead trees encountered in plots were 
classified into five groups: oaks and hickories (late-successional species), black locusts 
(Robinia pseudoacacia), flowering dogwoods (Cornus florida), other hardwoods, and 
evergreens (including conifers and large Rhododendron spp.). Roosts were classified as 
live-damaged or dead; dead roosts and other dead trees encountered in plots were 
assigned to one of four decay classes based on branches and bark remaining, condition 
(hard or soft) and height (Appendix A, Ormsbee 1996); we also noted percent bark 
remaining on all roosts and dead trees. For each roost and random tree, we measured 
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distance to the closest tree with roost potential (i.e., cavity, crevice, or exfoliating bark 
present). We used a compass to measure aspect and a clinometer to measure slope in each 
plot.  
Stand and landscape scale data—We used a geographic information system (GIS; 
ArcGIS 9.2; ESRI, Redlands, California) with data from the USFS Continuous Inventory 
of Stand Conditions (CISC) to examine habitat conditions relative to roost and random 
locations. We used CISC data to identify cove and upland forest stands within our study 
area. We also used road and wildlife opening layers from the USFS and converted roads 
to polygons by applying a 3 m buffer (total width of 6 m). We obtained spatial data on 
trails from the Southern Appalachian Assessment GIS Online Database 
(http://www.samab.org/data/SAA_data.html) and converted these to polygons by 
applying a 0.75 m buffer (total width of 1.5 m). From these, we created polygon layers 
for linear openings by combining road and trail polygons, and for nonlinear openings by 
merging wildlife openings and USFS stands ≤5 years in age. We added nonlinear 
openings such as fields and home sites on the private land outside our study area, which 
were digitized from a 1998 Color Infrared Digital Ortho Photo Quad 
(http://www.ncdot.org/IT/gis/). Because new openings were created within our study area 
midway through the study, we made separate linear and nonlinear opening layers for 
2004–2005 and 2006–2007. We used a comprehensive stream layer that was generated 
by the North Carolina Stream Mapping Program (NC Center for Geographic Information 
and Analysis, http://www.ncstreams.org) using light detection and ranging (LiDAR) data 
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and digital aerial imagery. Streams were separated into two layers; we used topographic 
maps to identify perennial streams and classified all other streams as intermittent.  
We used a Recon GPS unit (Trimble Navigation Ltd., Sunnyvale, California) to 
determine coordinates of each roost location and all capture sites. We plotted points in 
the GIS, calculated the maximum distance traveled between two successive locations for 
each bat, and then determined mean maximum travel distance. To identify available 
habitat types within the range of roosting bats, we defined a study area by creating a 
100% minimum convex polygon (MCP) for each sex using all roost locations and 
buffering this with mean maximum travel distance moved by that sex (Miles et al. 2006). 
Within the boundary of the buffered MCP, we generated a random point for every roost 
location, replacing any random points that fell on non-USFS property.  
We noted that both male and female roost trees were clustered within certain parts of 
our study area (Figure 2.1) so we felt it was inappropriate to use the roost as the 
experimental unit for comparisons with available habitat at the macrohabitat scale. In 
addition, several different females roosted in the same stands, so we used the stand (each 
stand that contained a roost or random point) as the experimental unit rather than the bat 
(Miller et al. 2003). From the geometric center of each stand, we measured distance to a 
mature (≥80 years old in 2005), cove, and upland national forest stand, and distance to 
the closest linear opening, nonlinear opening, and perennial stream. When measuring 
distance to openings, we used 2004–2005 opening layers for stands used by bats in 2004–
2005 and 2006–2007 opening layers for stands used by bats in 2006–2007. We calculated 
total length of intermittent streams within the stand boundaries and used ArcGIS to 
 37 
 
determine the area of each stand. We determined stand age (in 2005) using CISC data and 
derived elevation at the geometric center of each stand from a 6 m (20 ft, derived from 
2007 LiDAR) resolution elevation grid for Macon County (http://www.ncdot.org/IT/gis/). 
We calculated roosting range (100% MCP) for bats that used ≥3 roosts. 
Statistical analyses—We pooled roost data across years and did not test for temporal 
variation in roost selection. Each roost was only used once in our analyses, regardless of 
how many radio-tagged bats used the tree. We pooled adults and juveniles and did not 
test for differences by age; however, micro- and macrohabitat characteristics of roosts 
used by juveniles were similar to those of roosts used by adults of the same sex. Although 
roost strategies of females may differ with reproductive condition (Garroway and Broders 
2008), pregnant and lactating bats were grouped in our analyses due to a small sample of 
tagged bats; we did not track any post-lactating bats. We used SAS® (SAS Institute, Inc., 
2004) to conduct all statistical analyses outlined below and we used α = 0.05 to assess 
statistical significance. We report untransformed means ± 1 standard error unless 
otherwise stated. 
We tested continuous independent variables describing roost attributes (height, dbh, 
canopy closure above roost, midstory closure below roost, and roost entrance height) for 
normality using the Shapiro-Wilk W statistic. For normally distributed data, we 
compared attributes between sexes using 2-tailed t-tests. We transformed non-normal 
data using logarithm or square root transformations. If data were normal after 
transformation, we used 2-tailed t-tests to compare transformed data between sexes. 
Otherwise, we used 2-tailed Wilcoxon tests to compare untransformed data.  
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We used 2-tailed t-tests to compare square-root transformed maximum distance 
moved between sexes. For 16 females and 11 males that used >1 roost, we used paired t-
tests to compare distance between capture site and first roost to maximum distance 
among roosts (distances were square-roost transformed for females). We used 
nonparametric 2-tailed Wilcoxon tests to compare percent bark remaining on roost trees 
in decay classes 1–4 and “available” dead trees (decay stage 1–4, n = 103) encountered in 
random plots. We used goodness of fit chi-square tests to compare categorical attributes 
of trees (tree species class and decay class) by use (roosts vs. available trees) and chi-
square tests of independence to compare males and females. Due to low cell frequencies, 
we eliminated dogwood and evergreen tree classes, and combined decay class 1 with 2 
and class 3 with 4 for comparisons between males and females. We used a chi-square test 
of independence to compare male and female use of cavity and bark roosts. For 
significant chi-square tests, we constructed “family” Bonferonni confidence intervals (α = 
0.1) to test for disproportionate use (Byers and Steinhorst 1984).  
To assess microhabitat-scale roost-site selection, we treated roosts as the 
experimental unit and assumed observations were independent. Aspect was converted to 
two continuous variables (north and east, Table 2.1) that ranged from -1 to 1, with 1 
representing north and east and -1 representing south and west. Fifteen microhabitat 
variables (Table 2.1) were tested for multicollinearity in global logistic regression models 
(by sex) with use (roost or random) as the dependent variable. Because variance inflation 
factors were ≤ 4.8 in all tests, we determined that multicollinearity was not a problem. 
For each sex, we constructed conditional logit models (PROC PHREG) in which each 
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roost was matched with its corresponding random tree and the 15 microhabitat variables 
were independent predictors. We formulated hypotheses about microhabitat roost-site 
selection and developed an a priori set of 27 candidate models (plus the null; Appendix 
B) from a set of 32,768 possible models. Due to a small sample of roosts and random 
trees with complete data for the 15 variables (35 matched pairs for males and 33 matched 
pairs for females), we only considered candidate models with ≤6 independent variables 
(i.e., the global model was not tested). The model set was balanced, with all variables 
appearing in an equal number of models.  
To assess macrohabitat selection, we compared used stands (n = 17 stands for males, 
n = 25 stands for females) to stands that contained random points corresponding to roosts 
(n = 37 stands for males, n = 42 stands for females). Ten macrohabitat variables (Table 
2.1) were tested for multicollinearity in global logistic regression models (by sex) with 
use (roost or random stand) as the dependent variable. Variance inflation factors were ≤ 
2.2 in all tests. For each sex, we constructed logistic regression models (PROC 
LOGISTIC) with ≤5 macrohabitat variables as independent predictors and use as the 
dependent variable. We formulated hypotheses about macrohabitat roost-site selection 
and developed an a priori set of 31 balanced candidate models (plus the null; Appendix 
C) from a set of 1,024 possible models.  
We used Akaike’s information theoretic procedures to rank models by their 
respective Akaike’s information criterion for small sample sizes (AICc) and computed 
Akaike weights (wi) to compare plausibility of competing models (Burnham and 
Anderson 2002). We sorted candidate models in descending order by AICc and defined 
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the 95% confidence model set as the model with the highest wi plus all subsequent 
models until the sum of the weights (∑wi) for the model set was equal to 0.95. From this 
95% confidence set, we considered the model with the lowest AICc value and those with 
∆AICc ≤ 2 to have substantial empirical support (Burnham and Anderson 2002). 
Variables in models with substantial empirical support were considered important in 
discriminating between roost and random sites. We averaged parameter estimates for 
important variables across all models in the 95% confidence set (Burnham and Anderson 
2002). We present adjusted odds ratios and unconditional standard errors calculated from 
averaged parameter estimates for variables in models with substantial support, and use 
90% confidence intervals to determine the ecological importance of parameter estimates 
(Hein et al. 2008).  
Results 
We captured 222 big brown bats (Eptesicus fuscus), 48 eastern red bats (Lasiurus 
borealis), 8 eastern small-footed bats (M. leibii), 4 little brown bats (M. lucifugus), 114 
northern long-eared bats, and 17 eastern pipistrelles (Perimyotis subflavus). We tracked 
11 adult and 5 juvenile male northern long-eared bats to 50 roosts, and 15 adult (one was 
tracked in two years) and 3 juvenile female northern long-eared bats to 52 roosts (Figure 
2.1). Males were tracked for 6.2 ± 1.0 (range 1–14) days, used 3.3 ± 0.6 (range 1–8) trees 
each, and remained in trees for 2.3 ± 0.4 (range 1–6) days. Females were tracked for 6.2 
± 0.8 (range 1–15) days, used 3.1 ± 0.5 (range 1–8) trees each, and remained in trees for 
2.8 ± 0.5 (range 1–8) days. Males switched roosts every 1.2 ± 0.2 days and females 
switched roosts every 1.8 ± 0.3 days.  
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Maximum distance traveled between successive locations was greater for females 
(709 ± 78 m, range 252–1817 m) than males (317 ± 40 m; range 88–626 m; t = 4.94, P < 
0.0001). For females, the distance from capture site to first roost location (458.9 ± 49.4 
m) was not significantly different than the maximum distance among roosts (521.7 ± 
114.2 m; t = 0.05, df = 15, P = 0.96). Similarly, the distance from capture sites to first 
roost location (278.0 ± 59.2 m) was not significantly different than the maximum 
distance among roosts (151.6 ± 26.3 m; t = -1.76, df = 10, P = 0.11) for males. Roosting 
home ranges for females were 5.23 ± 2.52 ha (range 0.05–24.49 ha) and for nine males 
were 1.01 ± 0.35 ha (range 0.01–2.41 ha). 
Males generally roosted alone and females usually roosted in groups. During the time 
when we typically encountered pregnant females (6 May–15 June), we observed 23.1 ± 
4.6 (range 1–75) bats emerging from known female roosts. During lactation (16 June–23 
July), we observed 21.3 ± 4.4 (range 0–75) emerging from known female roosts. In May 
2006, we located multiple bats and roosts in a stand of trees being harvested by group 
selection. Small buffers (0.04 ha) of trees were left around four maternity roosts; 
emergence counts showed that bats continued to roost in the trees through late July 2006. 
One female was tracked in 2006 and 2007, and used a buffered tree (decay class 1, 
northern red oak, Q. rubra) both years. Prior to harvest, this roost held 75 bats in May 
2006 and post-harvest it held 72 bats in mid June 2006 and 50 bats in mid June 2007. In 
mid June 2007, we located a different female in a second northern red oak (decay class 2) 
1.2 km away that also held 75 bats. 
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Microhabitat selection—Females used larger diameter roosts than males (M: 32.7 ± 
3.6 cm, F: 44.8 ± 3.5 cm; U = 1834, P = 0.005, df = 93) and selected sites with lower 
roost canopy closure (M: 52.8 ± 5.5 %, F: 34.9 ± 5.7 %; U = 2390, P = 0.01, df = 93). 
Roost entrance height (M: 8.4 ± 0.9 m, F: 7.4 ± 1.0 m, df = 76), roost tree height (M: 16.0 
± 1.4 m, F: 18.5 ± 1.5 m, df = 93), and midstory canopy closure (M: 30.4 ± 4.7 %, F: 23.5 
± 3.7 %, df = 91) did not differ significantly for males and females (P ≥ 0.23). Males and 
females differed in their use of decay classes (χ 2 = 9.34, P = 0.0094, df = 2). Females 
were less likely than males to use live-damaged trees and more likely to use trees in late- 
decay (classes 3 and 4 combined). Thirty-one percent of female roosts were in live-
damaged trees whereas 60% of male roosts were in live-damaged trees. When compared 
to females, males used cavity roosts more than expected and bark roosts less than 
expected (χ 2 = 7.09, P = 0.0077, df = 1). Of roosts for which we were able to identify 
roost type, 38 male roosts were in cavities and 3 were under bark, whereas 33 female 
roosts were in cavities and 14 were under bark. Males and females did not differ in their 
use of oaks and hickories, black locusts, or other hardwoods (χ 2 = 3.49, P = 0.1745, df = 
2). 
Males roosted in oaks more often than expected and used other hardwoods (excluding 
dogwoods and black locusts) less often than expected (χ2 = 17.4, df = 4, P = 0.0016, 
Figure 2.2). Males roosted mainly in chestnut oaks (Q. prinus, n = 12 roosts), but also 
northern red oaks (Q. rubra; n = 7 roosts), white oaks (Q. alba, n = 3 roosts), and 2 
unidentified oaks. Males also roosted in 6 flowering dogwoods, 6 black locusts, 3 red 
maples (Acer rubrum), 1 yellow pine (Pinus sp.), 1 hickory and 7 other hardwood species 
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(n = 9 roosts). Females roosted in oaks and hickories more often than expected and in 
dogwoods and other hardwoods (excluding black locusts) less often than expected (χ 2 = 
40.9, df = 4, P < 0.0001, Figure 2.2). Females roosted primarily in oaks (9 roosts in 
chestnut oaks; 7 in red oaks; 1 in a scarlet oak, Q. coccinea; and 9 in unidentified oaks) 
and black locusts (n = 12 roosts), but also used 3 hickories, 2 dogwoods, 4 other 
hardwood species (n = 7 roosts), and 2 pines. 
Male roosts in dead trees were in decay class 2 more often than expected and classes 
1 and 4 less often than expected (χ 2 = 19.3, df = 3, P = 0.0002, Figure 2.3). Percent bark 
remaining did not differ for dead roost trees used by males (46.7 ± 8.0 %) and available 
dead trees (46.0 ± 5.4 %, U = 606, P = 0.8, df = 67). Four male microhabitat selection 
models had substantial empirical support (∆AICc ≤ 1.37 and ∑wi > 0.85, Table 2.2). 
Midstory closure below the roost entrance appeared in all four models (Table 2.2), had a 
relative importance weight of 1, but 90% confidence intervals contained 0 (Table 2.3). 
Mean midstory closure was half as much for roosts as for random trees (Table 2.4) and a 
tree was 1.8 times more likely to be used as a roost for every 20% decrease in midstory 
closure. Although canopy closure above the roost, mean plot canopy closure, plot slope, 
roost height and diameter were also in models with substantial support, these variables 
had model-averaged 90% confidence intervals containing 0 (Table 2.3). Males used 
roosts that were shorter but larger in diameter than random trees, in sites with lower roost 
and plot canopy closure and lower slope (Table 2.4).  
Female roosts in dead trees were in decay class 2 more often than expected and 
classes 1 and 3 less often than expected (χ 2 = 15.9, df = 3, P = 0.0012, Figure 2.3). 
 44 
 
Percent bark remaining did not differ for dead trees used by females (51.5 ± 8.9 %) and 
available dead trees (46.0 ± 5.4 %, U = 1372, P = 0.9, df = 82). Five female microhabitat 
selection models had substantial empirical support (∆AICc ≤ 1.83 and ∑wi > 0.94, Table 
2.2). Roost dbh and height appeared in the top five models (Table 2.2), had relative 
importance weights of 1 and 90% confidence intervals that did not contain 0 (Table 2.3). 
Roosts were shorter and larger in diameter when compared to random trees (Table 2.4); a 
tree was 1.4 times more likely to be used by females for every 2 m decrease in height (but 
all roosts were ≥ 2.5 m) and 2.1 times more likely to be used for every 10 cm increase in 
diameter. Canopy closure above the roost, distance to potential roost, midstory closure 
below the roost entrance, plot canopy closure, dead tree basal area, and dead tree count 
also appeared in models with substantial support, but model-averaged 90% confidence 
intervals contained 0 (Table 2.3). Females used roost sites with lower closure above the 
roost, in the midstory below the roost, and in the plot (Table 2.4). Roosts were closer to a 
potential roost and dead tree basal area and dead tree counts were higher in roost plots 
(Table 2.4). 
Macrohabitat selection—Twenty seven male roosts were in upland hardwood (23 in 
oak-hickory and 4 in oak-yellow pine) stands, 20 were in cove hardwood (poplar-oak) 
stands, and 3 were in brush (a stand of sparse chestnut oaks scattered across an open rock 
face). Four macrohabitat roost-site selection models and the null model had substantial 
empirical support based on ∆AICc values (≤ 1.86; Table 2.5). Individual model weights 
were low and there was only a 39% chance that one of the top four macrohabitat models 
was the best approximating model for male roost-site selection. Distance to nonlinear 
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opening and elevation were in three of the top models and distance to linear opening was 
in two of the top models (Table 2.5), but weight of evidence for the importance of these 
variables was low (i.e., 90% confidence intervals contained 0 and relative importance 
weights were low, Table 2.6). Stands used by males were closer to nonlinear and linear 
openings, and slightly higher in elevation than random stands (Table 2.7).  
Twenty female roosts were in upland hardwood (19 in oak-hickory and 1 in oak-
yellow pine) stands, 31 were in cove hardwood (poplar-oak) stands, and 1 was in a white 
pine stand. Five macrohabitat roost-site selection models had substantial empirical 
support based on ∆AICc values (≤ 1.94), but there was considerable model selection 
uncertainty (low Akaike weights for each model and combined model weights of only 
0.59). Elevation and density of intermittent streams were each in three models (Table 2.5) 
but relative-importance weights were < 0.60 and model-averaged 90% confidence 
intervals contained 0 (Table 2.6). Distance to cove forest, distance to upland forest, and 
distance to perennial stream were in two top models and distance to mature forest and 
stand age were in one top model (Table 2.5); however, strength of evidence for the 
importance of these variables was low (Table 2.6). Females used stands at slightly higher 
elevations, with a greater density of intermittent streams, and closer to perennial streams 
(Table 2.7). Used stands were closer to cove forests and farther from upland forests and 
mature stands (Table 2.7). Though mean age of stands used was lower than expected 
(Table 2.7), age of stands used was bimodal; females used seven stands 1–17 years old, 
17 stands 72–135 years old, and one mature stand of unknown age (private land). 
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Table 2.1. Tree and plot variables used in microhabitat and macrohabitat roost-site 
selection models for northern long-eared bats in southwestern North Carolina, USA, 
2004–2007. 
 
Variable Units Definition 
Microhabitat 
height m Roost tree height 
dbh cm Roost diameter at breast height 
cc_roost % Percent canopy closure above roost tree 
mc_roost % Percent midstory closure below roost entrance 
dist_nearest m Distance to nearest tree (>10 cm dbh) 
dist_taller m Distance to nearest tree (>10 cm dbh) same height 
or greater 
dist_pr m Distance to potential roost tree 
slope % Percent slope 
north radians Cosine aspect of plot 
east radians Sine aspect of plot 
canclosure % Mean percent canopy closure for 0.04 ha plot 
ltba m2/ha Live tree basal area 
ltct trees/ha Live trees per ha 
dtba m2/ha Dead tree basal area 
dtct trees/ha Dead trees per ha 
Macrohabitat 
 age years Stand age in 2005 
dist_mature m Distance to mature standa 
dist_cove m Distance to cove foresta 
dist_upland m Distance to upland foresta 
dist_linopen m Distance to linear opening (road/trail)a 
dist_nonlinopen m Distance to nonlinear opening (recent cut or 
wildlife opening)a 
dist_perstrm m Distance to perennial streama 
den_intstrm m/ha Density of intermittent streams within stand 
area ha Stand area 
elev m Elevation at geometric center of stand 
aDistances measured from geometric center of stand 
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Table 2.2. Akaike's Information Criterion for small sample sizes (AICc), difference in 
AICc value when compared to the model with the lowest AICc value (∆AICc), and 
Akaike weight (wi) for models with substantial empirical support (∆AICc ≤ 2) from a 
priori set of candidate models used to assess microhabitat roost-site selection by northern 
long-eared bats in southwestern North Carolina, USA, 2004–2007. 
 
 
 
Modela AICc ∆AICc wi
Males
cc_roost mc_roost canclosure 42.06 0.00 0.2966
mc_roost 42.60 0.54 0.2264
slope cc_roost mc_roost canclosure 43.03 0.98 0.1819
height dbh cc_roost mc_roost 43.42 1.37 0.1497
Females
height dbh cc_roost mc_roost 32.62 0.00 0.3101
height dbh dist_pr 33.59 0.97 0.1905
height dbh cc_roost canclosure 33.94 1.32 0.1601
height dbh dtba dtct dist_pr 34.04 1.42 0.1525
height dbh 34.45 1.83 0.1243
aRefer to Table 2.1 for variable definitions
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Table 2.3. Model averaged parameter estimates, unconditional standard errors (S.E.), 
odds ratios, and sum of Akaike weights (∑wi) of predictor variables found in models 
with ∆AICc ≤ 2 from a priori set of candidate models used to assess microhabitat roost-
site selection by northern long-eared bats in southwestern North Carolina, USA, 2004–
2007. 
 
 
Parametera Estimate SE Odds ratio ∑wi
b
Males
mc_roost -0.0299 0.0196 0.9705 1.0000
cc_roost -0.0149 0.0146 0.9852 0.6703
canclosure -0.0038 0.0122 0.9963 0.5106
slope -0.0065 0.0128 0.9935 0.1940
height -0.0121 0.0247 0.9879 0.1597
dbh 0.0029 0.0066 1.0029 0.1597
Females
height -0.1505 0.0779 0.8603 1.0000
dbh 0.0757 0.0324 1.0787 1.0000
cc_roost -0.0091 0.0117 0.9909 0.5015
dist_pr -0.0746 0.1229 0.9282 0.3659
mc_roost -0.0081 0.0134 0.9919 0.3308
canclosure -0.0044 0.0094 0.9956 0.1707
dtba 0.0199 0.0484 1.0201 0.1627
dtct 0.0024 0.0049 1.0024 0.1627
aRefer to Table 2.1 for variable definitions
bSummed across 95% confidence set
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Variablea Mean SE Min Max Mean SE Min Max Mean SE Min Max Mean SE Min Max
height (m) 15.7 1.6 1.8 42.6 17.5 1.5 2.6 35.3 18.4 1.8 2.5 40.3 20.4 1.6 4.9 40.0
dbh (cm) 31.9 4.5 5.0 106.5 28.7 2.4 10.5 54.6 45.6 4.3 7.5 127.0 29.7 2.7 10.1 72.7
cc_roost (%) 60.4 6.0 0.0 100.0 67.1 6.7 0.0 100.0 33.3 6.9 0.0 100.0 54.5 5.2 0.0 100.0
mc_roost (%) 24.1 4.9 0.0 100.0 50.0 5.6 0.0 100.0 25.5 4.4 0.0 80.0 43.3 6.0 0.0 100.0
canclosure (%) 61.2 3.5 12.5 100.0 62.7 4.0 6.3 100.0 43.1 4.5 0.0 91.7 52.7 4.0 0.0 93.8
dist_nearest (m) 1.9 0.2 0.3 5.0 2.6 0.3 0.2 6.0 2.6 0.3 0.5 8.0 3.5 0.5 0.1 12.0
dist_taller (m) 3.7 0.6 0.3 15.0 4.2 0.5 0.2 11.0 4.6 0.5 0.5 12.0 5.4 1.1 0.1 30.0
dist_pr (m) 4.9 0.7 0.0 14.0 6.0 0.8 0.2 20.0 5.6 0.6 0.3 15.0 8.3 0.8 2.0 25.0
slope (%) 46.1 2.1 14.5 64.0 49.2 2.0 22.5 72.5 54.3 8.8 18.0 325.5 41.5 2.7 11.0 75.0
north (radians) 0.0 0.1 -1.0 1.0 0.0 0.1 -1.0 1.0 0.0 0.1 -1.0 1.0 0.0 0.1 -1.0 0.9
east (radians) -0.1 0.1 -1.0 1.0 0.0 0.1 -1.0 1.0 0.4 0.1 -0.8 1.0 0.4 0.1 -0.8 1.0
ltba (m2/ha) 27.3 1.9 9.9 54.3 24.6 2.2 5.9 51.8 23.9 2.2 3.7 49.2 24.8 1.9 4.2 57.7
ltct (trees/ha) 517.8 32.0 225.0 850.0 493.8 31.2 125.0 900.0 325.8 27.5 25.0 675.0 336.4 26.6 25.0 675.0
dtba (m2/ha) 2.7 0.6 0.0 13.5 1.8 0.4 0.0 7.0 5.3 0.8 0.0 15.8 2.9 0.6 0.0 14.8
dtct (trees/ha) 65.1 9.8 0.0 200.0 43.2 6.5 0.0 125.0 64.4 7.6 0.0 200.0 37.9 6.7 0.0 175.0
Males Females
aRefer to Table 2.1 for variable definitions
Used (n = 35 trees) Used (n = 33 trees)Random (n = 35 trees) Random (n = 33 trees)
Table 2.4. Mean, standard error (S.E.), minimum (Min), and maximum (Max) values for microhabitat variables for northern 
long-eared bat roosts in southwestern North Carolina, USA, 2004–2007.  
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Table 2.5. Akaike's Information Criterion for small sample sizes (AICc), difference in 
AICc value when compared to the model with the lowest AICc value (∆AICc), and 
Akaike weight (wi) for models with substantial empirical support (∆AICc ≤ 2) from a 
priori set of candidate models used to assess macrohabitat roost-site selection by northern 
long-eared bats in southwestern North Carolina, USA, 2004–2007. 
 
Modela AICc ∆AICc wi
Males
dist_nonlinopen 67.49 0.00 0.1648
dist_linopen dist_nonlinopen elev 68.95 1.45 0.0796
dist_linopen dist_nonlinopen elev 68.98 1.48 0.0785
elev 69.31 1.81 0.0666
null 69.35 1.86 0.0651
Females
dist_cove dist_upland elev 85.02 0.00 0.1936
dist_perstrm den_intstrm elev 85.77 0.75 0.1331
age dist_mature dist_cove dist_upland elev 86.39 1.37 0.0975
den_intstrm 86.47 1.44 0.0940
dist_perstrm den_intstrm 86.96 1.94 0.0735
aRefer to Table 2.1 for variable definitions
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Table 2.6. Model averaged parameter estimates, unconditional standard errors (S.E.), 
odds ratios, and sum of Akaike weights (∑wi) of predictor variables found in models 
with ∆AICc ≤ 2 from a priori set of candidate models used to assess macrohabitat roost-
site selection by northern long-eared bats in southwestern North Carolina, USA, 2004–
2007. 
 
 
 
Parametera Estimate SE
Odds 
ratio ∑wi
b
Males
dist_nonlinopen -0.0009 0.0013 0.9991 0.4519
dist_linopen -0.0009 0.0018 0.9991 0.3210
elev 0.0001 0.0008 1.0001 0.2477
Females
elev 0.0024 0.0031 1.0024 0.5107
den_intstrm 0.0091 0.0110 1.0092 0.4806
dist_perstrm -0.0011 0.0017 0.9989 0.4004
dist_cove -0.0041 0.0058 0.9959 0.3838
dist_upland 0.0004 0.0018 1.0004 0.3488
age -0.0019 0.0038 0.9981 0.2099
dist_mature 0.0001 0.0009 1.0001 0.1854
aRefer to Table 2.1 for variable definitions
bSummed across 95% confidence set
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Table 2.7. Mean, standard error (S.E.), minimum (Min), and maximum (Max) values for macrohabitat variables for roosts used 
by northern long-eared bats in southwestern Norh Carolina, USA, 2004–2007. 
 
 
Variablea Mean SE Min Max Mean SE Min Max Mean SE Min Max Mean SE Min Max
age (years) 84.8 8.1 1.0 134.0 79.0 6.4 1.0 134.0 72.3 9.8 1.0 135.0 87.7 5.2 5.0 132.0
dist_mature (m)b 27.5 13.7 0.0 212.8 43.3 10.0 0.0 212.8 81.1 17.4 0.0 271.6 49.4 12.5 0.0 347.7
dist_cove (m)b 56.1 16.3 0.0 163.4 67.4 14.9 0.0 353.1 46.7 10.1 0.0 135.5 107.7 25.1 0.0 900.2
dist_upland (m)b 28.3 9.2 0.0 114.1 43.8 10.4 0.0 280.4 56.7 18.6 0.0 355.7 30.5 9.1 0.0 280.4
dist_linopen (m)b 116.0 20.6 0.1 308.8 150.3 19.4 4.5 408.0 210.6 40.9 2.1 813.9 185.4 23.5 4.0 533.3
dist_nonlinopen (m)b 291.3 44.4 0.0 538.4 466.7 56.6 0.0 1095.6 304.3 56.0 0.0 1118.7 379.1 41.5 0.0 1042.9
dist_perstrm (m)b 292.9 40.4 27.1 621.2 295.4 30.5 27.1 680.2 200.6 21.9 18.1 417.8 265.9 27.0 3.9 680.2
den_intstrm (m/ha) 40.0 7.8 0.0 93.3 47.8 6.2 0.0 163.3 57.8 6.2 1.9 107.4 36.2 5.3 0.0 125.9
area (ha) 27.2 5.2 0.5 72.0 21.2 3.1 3.6 72.0 20.8 4.1 3.0 72.0 22.1 2.6 1.9 57.7
elev (m) 937.7 34.2 715.1 1210.1 930.8 16.6 715.1 1160.1 940.0 23.9 715.1 1164.3 933.4 25.4 715.1 1436.2
FemalesMales
Random (n = 42 stands)
bDistances measured from geometric center of stand
Used (n = 17 stands) Used (n = 25 stands)Random (n = 37 stands)
aRefer to Table 2.1 for variable definitions
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Figure 2.1. Male and female northern long-eared bat roost sites in upland and cove forests on the Nantahala National Forest in 
Macon County, North Carolina, USA, 2004–2007. 
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Figure 2.2. Frequency of use of tree species classes and 90% confidence intervals for 
trees used by male (n = 50 roosts) and female (n = 51 roosts) northern long-eared bats 
compared to frequency of tree species classes among available dead trees (n = 103) 
encountered in random plots within the study site in southwestern North Carolina, USA, 
2004–2007. 
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Figure 2.3. Frequency of use of decay classes and 90% confidence intervals for dead trees 
used by male (n = 50 roosts) and female (n = 52 roosts) northern long-eared bats 
compared to frequency of decay classes among available dead trees (n = 103) 
encountered in random plots within the study site in southwestern North Carolina, USA, 
2004–2007.  
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Discussion 
As we predicted, microhabitat variables were of little importance to male roost-site 
selection but several microhabitat factors were important to females. However, we found 
little support for our prediction that macrohabitat factors would be important, which may 
be due in part to the scale at which we measured macrohabitat selection. Alternately, 
because northern long-eared bats are adapted for foraging in clutter (Norberg and Rayner 
1987), macrohabitat factors that relate to foraging habits may be of little importance in a 
landscape dominated by suitable (forested) foraging habitat. Barclay and Kurta (2007) 
suggested that commuting costs and, thus, proximity to foraging habitat may be trivial if 
bats are capable of traveling large distances each night, but because northern long-eared 
bats have short, broad wings (i.e., low aspect ratio) they are not well adapted for long 
distance flights (Norberg and Rayner 1987) and we suspect they prefer to roost close to 
foraging areas to minimize commuting costs. 
The differences we observed between males and females are probably best explained 
by the influence of social and energetic factors on female roost-site selection. Females 
typically selected large diameter dead canopy trees with low canopy closure above the 
roost, a pattern that has been documented for numerous bat species (Kalcounis-Rüppell et 
al. 2005). Reproductive females may favor large trees because they can accommodate 
large numbers of bats and canopy trees because they receive more solar radiation, offer 
protection from predators, and are conspicuous on the landscape (Betts 1998). Males 
were more flexible with regard to roost-site selection; a typical roost for a male was a 
cavity in a small diameter live-damaged understory or midstory tree. Roost-site selection 
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also differs between males and females in Arkansas, where females use larger diameter 
trees than males (Perry and Thill 2007a). The greater distances traveled by females and 
the use of larger roosting areas when compared to males is likely related to the 
availability of suitable roosts in our study area (Broders et al. 2006), where large diameter 
standing dead trees were not as common as live-damaged trees. 
Although northern long-eared bats used a variety of hardwood trees as roosts in our 
study area, both sexes selected oaks. Oaks are used by northern long-eared bats in other 
regions (e.g., Menzel et al. 2002b, Perry and Thill 2007a), comprise 28% of roosts in 
Kentucky (Lacki and Schwierjohann 2001), and are an important roost type in southern 
Illinois (Carter and Feldhammer 2005). Although chestnut oaks, which are the most 
important canopy species in mixed oak forests in the Coweeta Basin ~20 km south of our 
study area (Clinton et al. 1993), were used frequently by males and females, we did not 
find any large colonies (>3 bats) in chestnut oaks. The largest maternity colonies (75 
bats) were in large northern red oaks (>42 cm dbh), which were likely 150–200 years old 
trees that died from a combination of drought stress and secondary pathogens such as 
fungus (Clinton et al. 1993). Maternity colonies may have used trees in the red oak group 
(Q. rubra and Q. coccinea) due to the prevalence of large red oak snags in our study area; 
in mixed oak forests of this area, red oaks are the primary trees responsible for canopy 
gap formation (Clinton et al. 1993). Black locust was the second most frequent species 
group used by females. Although black locusts were not a selected species as they are in 
West Virginia, USA (Menzel et al. 2002b, Ford et al. 2006b), they are an important roost 
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type because they are suitable for roosting in a range of decay stages and have substantial 
longevity for their size (Menzel et al. 2002b).  
Northern long-eared bats exhibit a wide range of preferences for tree species; for 
example, shortleaf pines are used most often in Arkansas (Perry and Thill 2007a) and 
Kentucky (Lacki and Schwierjohann 2001), sugar maple (A. saccharum) and yellow 
birch (Betula alleghaniensis) are favored in New Hampshire (Sasse and Pekins 1996) and 
New Brunswick (Broders and Forbes 2004), and 97% of roosts in Michigan were in 
either silver maple (A. saccharinum) or green ash (Fraxinus pennsylvanicus) (Foster and 
Kurta 1999). Roost structure preferences (e.g., selection for particular tree species or 
genera) are likely a reflection of preferences for physical characteristics that affect roost 
suitability (Cryan et al. 2001). The broad roosting niche (Foster and Kurta 1999) of 
northern long-eared bats indicates that, at least at the microhabitat scale, the species is 
opportunistic with regard to roost-site selection (Cryan et al. 2001). 
Other than tree species preferences, we found little evidence of microhabitat selection 
by males. Males selected roost-sites with low midstory closure, which could relate to 
their tendency to use small snags that are at the lower vertical edge of the midstory or 
could indicate selection for roosts that are easy to enter and exit. Because mean roost 
entrance height was >8 m for male roosts and several male roosts were conspicuous (i.e., 
we could see the bat or the transmitter), we believe that males used roosts with low 
midstory closure to facilitate escape from predators (Menzel et al. 2002b). Males used 
roost sites with lower canopy closure (~60%) above the roost and in the plot than 
expected, but there was little evidence that canopy closure was important to roost-site 
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selection. In Arkansas, males use sites with 74% canopy closure (Perry and Thill 2007a), 
and in West Virginia, males use both large live canopy trees and small below-canopy 
snags (Ford et al. 2006b).  
Female roost areas were smaller than those reported for female northern long-eared 
bats in New Brunswick (>8 ha, Broders et al. 2006) and Myotis volans in Oregon, USA 
(>11 ha, Ormsbee 1996), which suggests that suitable roosts were less sparse in our study 
area. Suitable roosts for females in our study area were typically large diameter                
( 46=x cm) live-damaged trees or snags in decay stage 2 or 4. In addition to having 
thermal and social benefits, large diameter trees are likely used by reproductive females 
because they are more persistent over time than smaller snags (Lacki and Schwierjohann 
2001), which should be important for maternity colonies that reuse the same areas year 
after year (Broders and Forbes 2004). If trees in different stages of decay have differing 
microclimates, females may have alternated use of live-damaged trees or early-decay 
(stage 2) snags and late-decay (stage 4) snags to conserve energy in response to changing 
environmental conditions (Broders and Forbes 2004). However, most (73%) female 
roosts were either live-damaged or in early decay (stage 1 or 2); Ormsbee (1996) also 
found that the majority (73%) of roosts used by female M. volans were live-damaged or 
early-decay snags. While use of live-damaged trees may relate to their availability, use of 
snags in early-decay is probably driven by selection for taller trees that receive more solar 
exposure and trees still holding sufficient bark or branches to accommodate numerous 
individuals. We have some evidence that distance to a potential roost and the density and 
basal area of dead trees were also important factors in female roost-site selection. Weight 
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of evidence for these variables may be low because we compared roost plots to random 
plots that were often in the same stand (random trees were 50 m from roosts). Females 
may roost in areas with a greater density of snags to facilitate recurrent roost switching 
for social or thermal benefits, to avoid ectoparasites, or to make themselves aware of 
other suitable roosts to which they can switch in the event of a major disturbance that 
renders a favored roost unsuitable (Barclay and Kurta 2007). 
Although roosting in trees in canopy gaps may benefit reproductive females seeking 
solar exposure for thermoregulation, canopy closure was not a good predictor of female 
northern long-eared bat roost-site selection in this study or others (Lacki and 
Schwierjohann 2001, Menzel et al. 2002b, Broders and Forbes 2004). However, mean 
plot canopy closure for female roosts in this study (43%) was much lower than values 
reported in previous studies (66–91%, Sasse and Pekins 1996, Lacki and Schwierjohann 
2001, Menzel et al. 2002b, Broders and Forbes 2004, Perry and Thill 2007a); it is 
possible that females we tracked used roosts with greater solar exposure to meet energy 
demands associated with gestation and lactation (Garroway and Broders 2008) in the 
relatively cool climate of our study area. Alternately, females may have selected roost 
sites in gaps due to their prevalence, as there are 1.7–2.3 canopy gaps/ha in mature mixed 
oak forests in this region (Clinton et al. 1993) and late-successional forests comprised 
>56% of our study area. Low mean canopy closure directly above the roost (33%) 
supports the idea that reproductive females selected roost-sites in gaps.  
Roost height was an important factor in female roost-site selection models, but 
finding selection for shorter trees may have been an artifact of the way we selected 
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random trees (any tree, regardless of decay state, that was >10 cm dbh). Most female 
roosts (69%) were in snags which were often snapped off and, hence, shorter than live 
trees; however, 76% of female roosts were in trees >17 m tall and all were >2.5 m tall. A 
variety of methods have been used to select random trees in studies of cavity or crevice-
roosting bats. For example, Miles et al. (2006) and Boland et al. (2009) compared roosts 
to any random tree regardless of whether defects were visible. In other studies, roosts 
have been compared to cavity trees (Menzel et al. 2002b), decayed trees (Broders and 
Forbes 2004), or to trees that were similar to the roost (i.e., a snag roost is compared to a 
random snag, Perry and Thill 2007a). We believe the latter approach is the best way to 
ensure that roosts and random trees are comparable, although it may preclude testing the 
effect of decay stage on roost selection in multivariate analyses. However, selection for 
decay stage might still be assessed by comparing roosts with snags encountered in 
random plots or transects.  
In general, macrohabitat factors were not important in explaining male northern long-
eared bat roost-site selection. Although we noted that stands used by males were <120 m 
from linear openings, we found little support for the importance of proximity to openings 
for male roost-site selection. We suspect our method of measuring landscape-scale 
distances from the geometric center of the stand may have masked the significance of 
proximity to openings. Based on capture rates over forested roads in this study and others 
(e.g., Lacki and Schwierjohann 2001, Broders et al. 2006), linear openings in forests are 
likely important foraging or commuting habitat for northern long-eared bats. Stands used 
by males were 95 m closer to linear openings than stands used by females, which may be 
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because males were less restricted by microhabitat preferences (i.e., males could use a 
wider variety of roost types) and could roost closer to preferred foraging habitat. 
However, if males prefer to minimize the distance between roosts and foraging areas then 
proximity to roads might be important only for males that forage over roads. We have 
evidence that northern long-eared bats also forage within interior forests in our study area 
(Chapter 3) and it is possible that males that forage in interior forests also select roosts in 
interior forests.  
We found some support for macrohabitat selection by females, but wide confidence 
intervals around model-averaged parameter estimates indicated that variables in 
supported models were not good predictors of stand use, possibly due to small sample 
size or to inadequate experimental design (Gerard et al. 1998). However, combined 
evidence suggests that females select roosts in cove forests containing numerous 
intermittent streams and in close proximity to perennial streams. Females may select 
roost sites in cove forests because relative to other temperate deciduous forests, cove 
forests contain larger trees, a greater snag basal area, and more large (>50 cm dbh) snags 
(Busing 1998). Distance to stream is an important factor for roost-site selection by Myotis 
in other regions; female M. keenii roost within 101 m of streams in Alaska, USA (Boland 
et al. 2009) and female M. thysanodes roost within 117 m of perennial streams in 
California (Weller and Zabel 2001). Proximity to water is not an important factor in 
northern long-eared bat roost-site selection in Kentucky (Lacki and Schwierjohann 2001) 
or Arkansas (Perry and Thill 2007a), but northern long-eared bats forage in riparian 
forests in our study area (Chapter 3) and others (e.g., Owen et al. 2004, Henderson and 
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Broders 2008). If females forage within forests near their roost sites then they may select 
cove forests over xeric forests if cove forests are more productive foraging grounds for 
insects (Gibbs et al. 2007, but see Henderson and Broders 2008).  
At the macrohabitat scale, we used the stand, rather than tree or bat, as the 
experimental unit because we were concerned about the lack of spatial independence in 
our data. Spatial autocorrelation is a concern in bat roost ecology studies because there is 
typically repeated use of trees and roost areas both within and among colony members 
(Miller et al. 2003). Most bat roost ecology studies have assumed each roost was selected 
independently (e.g., Menzel et al. 2002b, Broders and Forbes 2004), though some have 
first tested this assumption (e.g., Hein et al. 2008), and some have included each tree in 
their analyses only once regardless of how many times it was used by bats (e.g., Miles et 
al. 2006, Hein et al. 2008, O’Keefe et al. 2009). This latter approach is probably suitable 
for microhabitat analyses but may not be suitable for macrohabitat analyses. When 
sample sizes permit, the bat has been used as the experimental unit (i.e., roosts traits are 
averaged by bat; e.g., Perry and Thill 2007a), but number of bats tracked is often low 
because of logistical and financial issues related to tracking small volant mammals 
(Miller et al. 2003). However, when each tree or stand used by a bat is considered only 
once or when the bat is used as the experimental unit, information on the intensity of 
resource use is lost (but see Baker and Lacki 2006). Further, using the stand as the 
experimental unit may mask the significance of proximity to landscape features such as 
roads and may not be appropriate if bats are selecting roost-sites based on multi-stand 
landscape attributes such as number of unique habitat patches or patch richness in the 
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area surrounding roost sites (Perry et al. 2008). It might be appropriate to use utilization 
distributions to measure habitat use along a continuum, which is an analytical approach 
that incorporates information on intensity of habitat use and habitat availability at 
multiple spatial scales (Millspaugh et al. 2006). However, this method is usually applied 
to animal home ranges consisting of 30–50 locations each (e.g., >50 locations each for 
elk, Millspaugh et al. 2006), which is virtually impossible for most bat roost ecology 
studies when transmitters last <21 days and bats reuse roosts. Additional research is 
necessary to identify the appropriate experimental unit and methods to account for spatial 
autocorrelation and variable resource use in bat roost ecology studies. 
Management Implications 
Silvicultural practices such as 2-age shelterwood harvests, group selection cuts, and 
road creation should be compatible with management for northern long-eared bats 
because optimal habitat for this species seems to be diverse and structurally complex 
ecosystems (Broders and Forbes 2004). Management for a heterogeneous landscape that 
includes mature forests is likely to provide suitable habitat for males. In our study area, 
some maternity colonies roosted within recent 2-age shelterwood cuts in trees that were 
damaged during logging. Male Indiana bats (M. sodalis) also roost in damaged trees 
within 2-age shelterwood cuts in Kentucky (Gumbert 2001). Females are likely to benefit 
from retention of large (>40 cm dbh) oaks and other suitable tree species (e.g., black 
locusts, hickories) during harvests and, even if snags are not created (as suggested by 
Gumbert 2001), large trees left may later develop into suitable roost structures (e.g., 
standing dead trees that form small canopy gaps, Clinton et al. 1993). Because density of 
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suitable roosts is likely an important management consideration for female northern long-
eared bats (Foster and Kurta 1999), we recommend retaining a minimum dead tree basal 
area of 5.3 m2/ha, which corresponds to approximately 40 large (≥40 cm dbh) trees/ha 
(Table 4). 
We demonstrated that females show intra- and inter-annual fidelity to roosts despite 
extensive harvesting when small (0.04 ha) buffers of mature trees are left around the 
roosts. Thus, females may benefit from the retention of small patches of mature habitat 
with a suitable roost density within harvested areas. Furthermore, managing for suitable 
roost habitat in close proximity (~200 m) to potential foraging sites, such as linear 
openings, perennial streams, and nonlinear openings could be beneficial. This could be 
done by maintaining mature riparian buffers around streams or through group selection 
harvests. Managers should also consider that maternity colonies require a large roost area 
(>5 ha in this study and >8 ha in New Brunswick, Broders et al. 2006), possibly to enable 
colony members to disperse into smaller groups after young are volant (Sasse and Pekins 
1996, Foster and Kurta 1999, Lacki and Schwierjohann 2001).
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CHAPTER 3 
RIPARIAN BUFFER WIDTH AFFECTS ACTIVITY AND DETECTION OF 
COMMON BAT SPECIES 
 
Abstract 
Riparian zones are important habitats for many species, including bats which use 
them for foraging, roosting, and drinking. Timber harvests in riparian areas may have 
significant impacts on bats but before we can predict the effects of harvests more 
information is needed on how bats use small streams, the functional width of riparian 
zones for bats, and how bats respond to forest removal near small streams. We studied 
bat activity and presence in three sites in which different riparian buffer treatments (0 m, 
9 m, and 30 m) were implemented and one control site (no harvest). We measured 
activity at three distances (positions) from the stream in each site (0 m, stream; 23 m, 
mid; and 46 m, far). Friedman’s rank tests were used to compare pre-harvest activity 
among positions and mixed linear models were used to test the effects of treatment, 
position, harvest, and their interactions on the change in bat activity 1- and 2-years post-
harvest. Pre-harvest activity was higher at the far position than at the stream or mid 
positions. Harvest was the only significant factor explaining the 6–7 fold increase in 
activity 1-year post-harvest in the 0 m and 9 m sites. Position, harvest, and interactions 
were significant factors explaining the change in activity from pre-harvest to 1- to 2-years 
post-harvest in the three treatment sites. Post-harvest activity in the 30 m site was similar 
to pre-harvest levels for all positions. The increase in activity in the 0 m and 9 m 
treatments was likely related to the presence of edge after harvest. Detection probabilities 
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were higher post-harvest for larger bats and occupancy of the 0 and 9 m sites was higher 
post-harvest for all phonic groups except Myotis. We believe it is important for 
researchers to follow responses over time as the impact of harvesting riparian buffers on 
bats may not be fully evident 1- to 2-years post harvest.  
Introduction 
Natural areas near streams and rivers, or riparian zones, are diverse and productive 
ecosystems that perform critical services in forests (Gregory et al. 1991, Naiman et al. 
1993). The canopy in forested riparian zones regulates light intensity and stream 
temperature, while the dynamic interface between water and land creates a structurally 
complex environment that supports diverse terrestrial and aquatic communities. 
Traditionally, however, the boundaries of riparian zones have been defined by the 
soil/water interface (e.g., water table, soil moisture; Naiman et al. 1993) and not by 
ecosystem services (Gregory et al. 1991). A more contemporary approach broadens the 
definition of a riparian zone by integrating measurements of both riparian zone processes 
and the ecological functions of the stream/land interface (Gregory et al. 1991). 
An important ecological function of riparian zones is to provide habitat and 
movement corridors for both aquatic and terrestrial vertebrates (Naiman et al. 2000). For 
example, dusky (Desmognathus sp.) and brook (Eurycea sp.) salamanders, which are 
dependent on moist habitats, inhabit intact riparian forests up to 43 m from small 
headwater streams in southwestern North Carolina, USA (Crawford and Semlitsch 2007). 
In conifer-dominated forests in Washington, USA, breeding Black-throated Gray 
Warblers (Dendroica nigrescens) are more abundant in riparian than upland habitats, 
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which is probably due to selection for the deciduous tree cover prevalent in riparian 
forests (Pearson and Manuwal 2001). Maintenance of forested buffers around streams is 
an important component of contemporary forest management (Naiman et al. 2000); for 
example, in southwestern North Carolina, USDA, Forest Service (USFS 2000) 
regulations limit openings in the upper canopy within 100 ft (~30 m) on each side of 
intermittent streams with rare plants and within 30 ft (~9 m) of intermittent streams 
without rare plants. However, new information on how riparian forest management 
relates to biodiversity suggests that narrow forest buffers (<14 m) may not be sufficient 
for maintaining suitable habitat for species associated with riparian areas (Olson et al. 
2007). Pearson and Manuwal (2001) documented high breeding bird species turnover in 
Washington where narrow buffers were left along second and third order streams and 
recommended maintaining a minimum buffer of 45 m along both sides of small streams 
to maintain the pre-harvest riparian bird community. In western North Carolina, 
Peterman and Semlitsch (2009) found fewer larval two-lined salamanders (Eurycea 
wilderae) in small headwater streams when buffers were ≤9 m and they, with Crawford 
and Semlitsch (2007), suggest that buffers >30 m may be needed to maintain stream 
salamander communities around small headwater streams.  
Riparian areas are important habitat for most insectivorous bats in North America 
(Pierson 1998). Some species seek riparian areas to drink, as water is essential for 
physiological functions such as lactation (Kurta et al. 1990). Eastern pipistrelles 
(Perimyotis subflavus) select roosts near streams (O’Keefe et al. 2009), which may relate 
to preferences for foraging over streams (Menzel et al. 2005). Some species forage 
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extensively in riparian areas (e.g., gray bats, Myotis grisescens, Best et al. 1997) and bat 
foraging activity is often higher over streams than in non-riparian habitats (Owen et al. 
2004, Menzel et al. 2005; but see Lloyd et al. 2006).  
Bat activity over streams is influenced by forest management (Hayes and Adam 1996, 
Ober and Hayes 2008). In western Oregon, USA, bat activity is higher in wooded riparian 
areas dominated by deciduous trees than in logged riparian areas (Hayes and Adam 
1996). Ober and Hayes (2008) concluded that riparian forest management likely 
influences the foraging activity patterns of bats because fine-scale factors such as shrub 
cover and open space over the stream had the greatest influence on bat activity near 
streams in the Oregon Coast Range. In managed forests on the north coast of New South 
Wales, Australia, bat activity over buffered (10–50 m) streams is not affected by logging 
history of the surrounding forest (Lloyd et al. 2006). This suggests that riparian buffers 
along streams may assuage the effects of logging activities on bats’ use of streams. 
However, the size of the riparian buffers needed to maintain intact riparian systems for 
bats is not known. Further, no published studies have examined bat activity within 
riparian areas pre- and post-timber harvest. 
Generally studies to test the importance of riparian areas to bats measure foraging 
activity within a few meters of streams (e.g., Hayes and Adam 1996, Seidman and Zabel 
2001, Lloyd et al. 2006, Ober and Hayes 2008) and focus on large permanent streams 
because these are thought to be more important for bats (Seidman and Zabel 2001). There 
are no published studies on bat activity in riparian forests beyond the range of detectors 
set on small streams. However, data collected along transects perpendicular to a river in 
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California, USA revealed a steep decline in bat activity with increasing distance from the 
river (Power et al. 2004). 
More information is needed on how bats use small streams, the functional width of 
riparian zones for bats, and the impacts of timber harvest on bat activity within forested 
riparian buffers. Our goal was to relate bat activity, detection, and occupancy to riparian 
zone structure pre- and post-timber harvest within a southern Appalachian landscape. Our 
first objective was to test the functional width of the riparian zone for bats by measuring 
bat activity at 3 distances from 4 headwater streams in mature riparian forests. We then 
implemented timber harvests in 3 of the sites and assessed the effects of riparian buffer 
size on bat activity at the same 3 distances from the stream. Finally, we modeled the 
effects of harvest on detection probability and calculated occupancy rates for common bat 
species that use riparian zones in our study area.  
Materials and Methods 
Study area—We conducted our study in 4 small (<10 ha) watershed sites (centered at 
83◦ 30’E, 35◦ 11’N; Figure 3.1) on the Wayah District of the Nantahala National Forest in 
the southern Appalachian Mountains in southwestern North Carolina, USA. The most 
common overstory trees in the watersheds were tulip poplar (Liriodendron tulipifera), 
eastern hemlock (Tsuga canadensis), sourwood (Oxydendrum arboreum), red maple 
(Acer rubrum), white oak (Quercus alba), chestnut oak (Q. prinus), and hickories (Carya 
spp.). Mean minimum and maximum daily temperatures from 1 May to 31 August were 
16.1◦C and 27.3◦C in 2004, 16.8◦C and 28.0◦C in 2005, 15.3◦C and 27.8◦C in 2006, and 
14.3◦C and 21.7◦C in 2007. Total precipitation in the same period was 53.8 cm in 2004, 
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51 cm in 2005, 30.1 cm in 2006, and 43 cm in 2007. Temperatures and remotely sensed 
precipitation estimates are for Wayah Bald, ~13 km southwest of the study area center 
(State Climate Office of North Carolina).  
Our research was part of a larger multidisciplinary study designed to evaluate riparian 
zone processes and the effects of timber management on these processes. Four headwater 
streams 1–2 m wide surrounded by stands of similar age (70–80 years since harvest) and 
vegetation that were 0.7–6 km apart were selected as study sites (Figure 3.1). Three of the 
sites were harvested by 2-age shelterwood harvests (even-aged harvest with retention of a 
few mature trees), each with a different size buffer of leave trees adjacent to both sides of 
the stream (0 m, 9 m, and 30 m). The 0 m and 9 m sites were harvested in winter 2005 
and the 30 m site was harvested in winter 2006. The fourth site was the control (no 
harvest). 
Sampling––To identify the bat species using the study area, we conducted mistnet 
surveys on 43 nights (2004–2007) at eight sites on gated USFS roads adjacent to riparian 
sites. Each night, we deployed 1–3 “net sets” consisting of two stacked 6–12 m mist nets 
(Avinet, Inc., Dryden, NY). We opened nets at sunset and monitored them at 10 min 
intervals for 3–4 h. Bats were identified to species and released at the point of capture. 
Animal capture and handling methods were approved by the Clemson University Animal 
Research Committee (Animal Use Protocol 40065). 
We used acoustic sampling to measure bat activity and species presence within each 
of the study sites. Acoustic surveys were conducted from May to late July or August 
2004–2007; surveys took place on 15 nights in 2004, 18 nights in 2005, 20 nights in 
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2006, and 28 nights in 2007. In each survey, we passively recorded bats from 2030–0630 
EST at 3 positions per site with an Anabat II bat detector and compact flash zero-
crossings analysis interface module (collectively, “Anabat”; Titley Electronics, Brisbane, 
New South Wales, Australia). All sites were sampled simultaneously. In each site an 
Anabat was set in the center of the stream (“stream”), 23 m from the stream (“mid”), and 
46 m from the stream (“far”). Anabats were housed in waterproof containers with the 
microphone at the base of a 45° PVC tube (O’Farrell 1998), set on tripods 0.5 m high for 
stream and 1.3 m high for mid and far, and oriented in the direction of stream flow in a 
position where no vegetation directly obstructed the microphone (Weller and Zabel 
2002). To minimize interference from running water noise, on ≤4 nights/summer we 
lowered Anabat sensitivity to 5 for the stream units (otherwise set at 7). For each survey, 
we randomly assigned Anabats to points to minimize potential bias from variable 
reception rates for different units (Britzke 2004). Pre-harvest, all Anabats were in intact 
forest. Post-harvest, the mid and far Anabats were in the open in the 0 m site and the 
stream unit was surrounded by small trees, the mid and far Anabats were in the open in 
the 9 m site, and all units were under canopy in the 30 m site although the far unit was 5 
m inside the edge due to a larger than expected cut boundary (~50 m from the stream 
along the transect where Anabats were stationed).  
We scanned recorded files with an activity filter in Analook software (v. 4.9j); this 
filter kept files with ≥1 bat pulse or call and excluded fragments and insect noise (Britzke 
2003). We quantified bat activity for all species by summing the number of pulses 
recorded per hour at each position. Although pass counts and pulse counts may be 
 73 
 
correlated (Gorresen et al. 2008), we used mean pulses/hour as the response variable in 
activity analyses. Pulses may be a better measure of total bat activity than passes because 
pulses measure calling intensity more directly and are not subject to arbitrary partitioning 
(Gorresen et al. 2008). However, we used bat passes for species identification. We used 
custom filters to identify four phonic groups: Myotis (little brown bats, M. lucifugus; 
eastern small-footed bats, M. leibii; and northern long-eared bats, M. septentrionalis), 
eastern red bats (Lasiurus borealis), eastern pipistrelles, and low frequency bats (bats that 
use low frequency echolocation calls: big brown bats, Eptesicus fuscus; silver-haired 
bats, Lasionycteris noctivigans; and hoary bats, Lasiurus cinereus). Because we rarely 
recorded long sequences of Myotis pulses, the Myotis filter required ≥3 pulses, but other 
filters required ≥5 pulses. We visually inspected files that met the criteria of ≥1 filter to 
verify phonic group presence and generated presence/absence histories by phonic group 
for all survey points, treating each sampling night as one visit.  
Statistical analyses—To test for differences in activity among positions (stream, mid, 
far) we used the pre-harvest data from 2004 and 2005. Because the pre-harvest data did 
not meet the assumptions of parametric tests, we used a modification of the 
nonparametric Friedman’s rank test (PROC MEAN, RANK, and GLM; Conover 1998), 
and treated the four sites as replicates. Mean pulses/hour was the response variable and 
position and period (one period in 2004: 16 June–20 August; three periods in 2005: 26 
May–6 June, 18 June–4 July, 15 July–1 August) were independent variables in the rank 
test. We pooled 2004 data into one period due to the low number of nights sampled. We 
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used pairwise t-tests on the ranks to compare means by position a posteriori (Conover 
1998).  
We used mixed linear models (PROC MIXED) to test the effects of buffer size and 
harvest on bat activity; one model assessed the change from 2005 to 2006 (for the 0 m 
and 9 m treatments) and the other assessed the change from 2005 to 2007 (for all 
treatments). In these two models, treatment, position, harvest, and their 2- and 3-way 
interactions were independent variables and the change in activity (pre- versus post-
harvest activity) was the response variable. We treated year as a random effect in both 
models. A third mixed model was used to test the effects of treatment, position, year, and 
their 2- and 3-way interactions on the change in activity from 2006 to 2007 for the 0 m 
and 9 m treatments. We treated year as a fixed effect in this model. Mixed linear models 
were used because our dataset contained repeated measures by treatment*position. 
Because our dataset was unbalanced, we employed the Kenward-Roger method to 
approximate the degrees of freedom (Spilke et al. 2005). We used linear contrasts to 
compare responses for significant effects. Equipment malfunctions resulted in sparse data 
for all treatments in 2004, so data for 2004 were not used in comparisons of pre-and post-
harvest activity. Where appropriate, we present untransformed pulse means ± 1 standard 
error and, to facilitate comparisons with other studies, we also present untransformed 
pass means ± 1 standard error. We used SAS® (SAS Institute, Inc. 2004) to conduct all 
statistical procedures outlined above and evaluated significance using α = 0.05. 
Using detection histories for 2005–2007 surveys, we developed detection models for 
each phonic group in Program PRESENCE 2.1 (Hines 2006). For each phonic group, we 
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compared a null multi-season model to a model with harvest as a covariate for detection 
(harvest model). We used Akaike’s information theoretic procedures to rank the two 
models by their respective Akaike’s information criterion for small sample sizes (AICc) 
(Burnham and Anderson 2002). The model with the lowest value for AICc was 
considered the best model, but if ∆AICc < 2 the second model was also considered 
plausible and we averaged parameters for the two models (Burnham and Anderson 2002). 
Because our study design lacked replication for treatment x position, we did not test for 
differences in detection or occupancy by treatment, position, or treatment x position. We 
present naïve occupancy rates by phonic group and treatment, pre- and post-harvest.  
Results 
We captured 108 big brown bats, 65 northern long-eared bats, 30 eastern red bats, 11 
eastern pipistrelles, 4 eastern small-footed bats, and 2 little brown bats at net sites above 
the four riparian sites. Big brown bats, eastern red bats, northern long-eared bats, and 
eastern pipistrelles were captured in all four years of the study. We monitored bat activity 
with Anabats during 8,309 hours on 832 detector-nights and recorded bats (48,456 
passes) during 3,948 hours.  
Bat activity—Pre-harvest bat activity did not differ by period (F = 0.27, P = 0.8473) 
but activity differed by position (F = 7.07, P = 0.0023; Figure 3.2). Activity was 
significantly higher at the far position when compared to the stream and mid positions   
(P < 0.05), but there was no difference in activity at the stream and mid positions. Pre-
harvest bat activity across all periods and sites averaged 7.5 ± 1.1 pulses/hour (11.7 ± 1.6 
passes/night) for the stream position, 19.9 ± 4.9 pulses/hour (16.4 ± 3.0 passes/night) for 
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the mid position, and 67.1 ± 11.4 pulses/hour (51.6 ± 7.1 passes/night) for the far 
position. We typically recorded high activity at the far position for the 0 m and 9 m sites 
(Table 3.1). Pre-harvest activity was low at all positions in the Control site (Table 3.1) 
and overall activity was low at this site both pre- and post-harvest (Figure 3.3). 
Harvest was the only significant factor explaining the differences in pre-harvest 
(2005) and one year post-harvest (2006) activity in the 0 m and 9 m treatments (Table 
3.2). Bat activity increased significantly post-harvest (2006) in the 0 m and 9 m 
treatments (Figure 3.3) but did not vary with position. One year post-harvest, we recorded 
327.2 ± 54.8 pulses/hour (195 ± 26.5 passes/night) in the 0 m treatment and 446.5 ± 58.4 
pulses/hour (272.8 ± 26.0 passes/night) in the 9 m treatment. Activity in these two 
treatments was 6–7 times higher in 2006 than in 2005; a linear contrast showed that the 
change in activity was not significantly different between the two treatments (t = -0.96, P 
= 0.35).  
Position, harvest, treatment*position, position*harvest, and the 3-way interaction 
were significant factors explaining the difference in pre- (2005) and post-harvest (2007) 
activity in the three harvested sites (Table 3.2). In 2007, when the 0 and 9 m sites were 
two years post-harvest, we recorded 65.5 ± 11.1 pulses/hour (50.7 ± 7.1 passes/night) in 
the 0 m site and 124.7 ± 16.7 pulses/hour (77.0 ± 7.8 passes/night) in the 9 m site. We 
recorded 10.2 ± 1.8 pulses/hour (14.6 ± 2.4 passes/night) in the 30 m treatment, which 
was one year post-harvest in 2007. Three of nine linear contrasts comparing changes in 
activity by position within treatment groups were significant. For the 0 m treatment, the 
change in activity at the stream position was significantly greater than the change in 
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activity at the mid (t = -3.16, P = 0.0105) and far (t = -4.26, P = 0.0048) positions and the 
change in activity at the mid position was significantly higher than the change in activity 
at the far position (t = -2.58, P = 0.038; Fig. 3.4).  
Year was the only significant factor explaining the change in activity from one year 
post-harvest (2006) to two years post-harvest (2007) for the 0 m and 9 m treatments (F = 
12.15, P = 0.004). Overall activity levels were 2.9–4.5 times lower in the 0 m and 9 m 
sites in 2007 than in 2006 (Figure 3.3). A linear contrast showed that the change in 
activity was not significantly different between the two treatments (t = -0.32, P = 0.75).  
Occupancy and effects of harvest on detection—The harvest model was the only 
plausible detection probability model for low frequency bats and red bats. Both the null 
model and the harvest model (∆AICc = 0.96) were plausible for pipistrelles, while only 
the null model was plausible for Myotis bats. Post-harvest detection probabilities were 
higher for low frequency bats and red bats, but pre- and post-harvest detection 
probabilities were similar for pipistrelles. Detection probabilities were highest for Myotis 
bats and did not change with harvest (Table 3.3). In 2005, occupancy rates were ≤0.25 for 
low frequency bats in all sites; occupancy was higher (0–0.51) for red bats and 
pipistrelles (Table 3.4). These three phonic groups showed a similar response post-
harvest: increased occupancy rates in the 0 m and 9 m treatment sites but little or no 
change in occupancy in the 30 m treatment site. Occupancy for Myotis was high in all 
sites (usually ≥0.7; Table 3.4) and changed very little after harvest.  
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Table 3.1. Pre-harvest activity (mean pulses/hour) by position for four riparian sites in southwestern North Carolina, USA, 
May-August 2004–2005. A dash (-) indicates that Anabats were not functional. 
 
Positiona
Period Site Mean SE Mean SE Mean SE
16 Jun-20 Aug 2004 0 m 36.6 0.9 66.8 17.3 111.2 38.4
9 m 4.9 1.2 0.3 0.1 61.3 9.7
30 m 42.2 3.3 2.0 0.9 2.5 0.8
Control 1.6 0.7 0.4 0.3 - -
26 May-6 June 2005 0 m 6.4 1.0 16.4 5.5 182.7 66.2
9 m 13.0 7.4 4.1 1.6 172.9 62.4
30 m 16.4 5.7 1.3 0.8 2.0 0.7
Control 2.7 1.1 0.3 0.2 0.3 0.2
18 June-4 July 2005 0 m 6.4 2.7 21.2 6.9 88.4 32.2
9 m 9.7 2.6 5.9 1.6 113.0 21.5
30 m 2.4 1.1 1.0 0.5 3.5 1.3
Control 1.8 1.7 0.3 0.1 0.1 0.03
15 July-1 August 2005 0 m 8.1 2.6 30.6 3.3 130.6 79.3
9 m 3.8 1.7 126.8 55.6 120.8 50.8
30 m 1.7 0.6 1.3 0.4 6.0 2.0
Control 1.8 0.6 0.4 0.1 0.1 0.1
Stream Mid Far
aStream was in the stream, mid was 23 m from the stream, and far was 46 m from the stream.
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Table 3.2. Significance tests for fixed effects in mixed linear models for the change in activity from 2005 to 2006 and 2005 to 
2007. Treatments were implemented after 2005 in the 0 m and 9 m sites and after 2006 in the 30 m site.   
 
  2005 vs. 2006 
  
2005 vs. 2007 
(0 m and 9 m sites) (0 m, 9 m, and 30 m sites) 
Effect 
Num. 
d.f.1 
Den. 
D.f.2 F P   
Num. 
d.f. 
Den. 
D.f. F P 
treatment 1 15.6 1.36 0.2609 1 20.1 0.00 0.9998 
position 2 11.7 3.32 0.0720 2 10.2 7.10 0.0117 
harvest 1 15.6 24.69 0.0002 1 16.7 8.63 0.0093 
treatment*position 2 11.7 1.71 0.2228 3 11.7 4.38 0.0274 
treatment*harvest 1 15.6 0.87 0.3650 2 20.1 2.77 0.0867 
position*harvest 2 11.7 1.49 0.2647 2 10.2 5.04 0.0301 
treatment*position*harvest 2 11.7 1.56 0.2501   4 11.7 5.79 0.0082 
1 Numerator degrees of freedom 
2 Denominator degrees of freedom 
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Table 3.3. Pre- and post-harvest detection probabilities and standard errors for four 
phonic groups of bats detected in acoustic surveys of riparian buffers in southwestern 
North Carolina, USA, 2005–2007.   
 
  
Probability of Detection 
Phonic group Pre-harvest Post-harvest 
Low freq. bats 0.23 ± 0.04 0.59 ± 0.03 
Red bats 0.34 ± 0.05 0.59 ± 0.03 
Pipistrelles 0.36 ± 0.04 0.40 ± 0.03 
Myotis 0.65 ± 0.02 0.65 ± 0.02 
 
 
 
 
 
Table 3.4. Naïve occupancy rates for four phonic groups in three treatment sites in 
riparian areas in southwestern North Carolina, USA, 2005–2007. Treatments were 
implemented after 2005 in the 0 m and 9 m sites and after 2006 in the 30 m site.   
 
    Phonic Group 
Year Site 
Low freq. 
bats Red bats Pipistrelles Myotis 
2005 0 m 0.25 0.51 0.42 0.64 
9 m 0.13 0.26 0.24 0.76 
30 m 0.02 0.07 0.00 0.70 
2006 0 m 0.80 0.73 0.76 0.73 
9 m 0.76 0.78 0.76 0.73 
30 m 0.00 0.00 0.00 0.81 
2007 0 m 0.67 0.31 0.65 0.61 
9 m 0.57 0.35 0.63 0.75 
30 m 0.07 0.10 0.10 0.69 
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Figure 3.1. Riparian treatment sites and control site in southwestern North Carolina, USA, 2005–2007. 
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Figure 3.2. Bat activity (mean pulses/hour) at three positions in four intact stands surrounding headwater streams in the 
Nantahala National Forest, North Carolina, USA, May-August, 2004–2005. Detectors were positioned 46 m from the stream 
(far), 23 m from the stream (mid), and in the stream (stream).  
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Figure 3.3. Bat activity (mean pulses/hour) in 
0 m and 9 m sites and after 2006 in the 30 m site. The Control was not harvested during the study.
83
 
83 
four treatment sites, 2005–2007. Treatments were implemented after 2005 in the 
 
 
 
 84 
 
-80
-40
0
40
80
120
160
200
0 m 9 m 30 m
C
h
a
n
g
e
 
i
n
 
m
e
a
n
 
p
u
l
s
e
s
/
h
o
u
r
Position*Treatment
far
mid
strm
B
A
C
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4. Change in bat activity at each of the three positions in the three treatment sites. Different letters within treatments 
denote significant differences among positions.
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Discussion 
Like others who have studied bat activity near small streams (e.g., Seidman and Zabel 
2001, Lloyd et al. 2006), we found low levels of bat activity in forested riparian areas 
around small streams in summer. Bat activity may be lower near small streams because 
of intermittent water availability (Seidman and Zabel 2001, Lloyd et al. 2006), although 
streams in our study always contained water during surveys. However, riparian areas near 
small streams in our study area serve as foraging habitat for at least four bat species and 
our results indicate that forest buffer size affects how bats respond to timber harvest near 
small streams.  
To our knowledge, this is the first study to compare bat activity at small streams to 
activity at points in the adjacent riparian forest. In contrast to Power et al.’s (2004) study 
near a river, we did not find a sharp decrease in bat activity with increasing distance from 
the stream. Rather, during pre-harvest surveys, bat activity was higher at the far position 
(46 m) than at the stream or mid position. Greater bat activity at the far position might be 
explained by proximity to stand features such as skidder trails (present near the far 
position in the 0 m treatment), canopy gaps, or maternity roost sites for bats. Pre-harvest 
activity (passes/night) in riparian forests in our study area was typically lower than the 
estimated nightly activity over small streams in the Coast Range of northern California 
(4.0–7.2 passes/hour; Seidman and Zabel 2001), but was similar to or greater than 
estimated nightly activity over medium sized streams in the Piedmont region of Georgia, 
USA (1 pass/30 min.; Ellis et al. 2002). In contrast to these two studies, we sampled bat  
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activity over the entire night and at points extending upslope from the stream. Because 
activity levels were not consistent among sites and increased with increasing distance 
from the stream, pre-harvest data alone were not sufficient for defining riparian zone 
boundaries for bats in our study area. 
In contrast to the pre-harvest data, comparisons of pre- and post-harvest activity 
provided more insight into the functional width of riparian zones for bats in our area. The 
0 and 9 m buffer treatments had similar effects on post-harvest bat activity; in both sites, 
bat activity was significantly higher in the first summer after harvest compared to pre-
harvest levels. After forest removal, both sites contained a vertical edge of trees along the 
stream. In the 0 m site, pole-size trees were left standing adjacent to the stream which 
created an edge that, for bats, may have functioned in a similar manner to the edge 
created by mature trees left within the buffer at the 9 m site. We observed edge effects in 
both the 0 m and 9 m sites two years post-harvest, while in the first year post-harvest 
there was no difference in response among positions. For the 0 m site, the two year post-
harvest response was significantly higher for the stream, which was the position closest to 
the edge. In the 9 m site, there was a greater two year post-harvest response at the mid 
position, which was closest to the edge, when compared to the far position. Relative to 
intact forest and cut areas, edges may be a favored foraging habitat for bats due to a 
combination of low spatial complexity and increased insect biomass, abundance, and 
richness (Grindal and Brigham 1999).  
In contrast to what we observed for the 0 m and 9 m treatments, bats continued to use 
the riparian forest in the 30 m treatment in the same manner as they did pre-harvest. In 
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New South Wales, bat activity is similar along small streams with ~10 m riparian buffers 
regardless of logging history in the surrounding forest (Lloyd at al. 2006), suggesting that 
retention of forested buffers around small streams during logging will maintain riparian 
bat activity post-harvest.  
Given the initial post-harvest increase in activity in the 0 m and 9 m sites, one could 
argue that forest removal near small streams is beneficial to bats because it allows use of 
an area that was too cluttered prior to harvest. However, from one year post-harvest to 
two years post-harvest activity declined substantially in the 0 m and 9 m sites even 
though the vertical structure of the sites was similar in both years. Thus, we suspect that 
the dramatic increase in activity one year post-harvest was mainly a response to a novel 
habitat feature (i.e., short term treatment effects, Loeb and Waldrop 2008) and not 
evidence that the feature provided optimal habitat for bats. We expect that unharvested 
riparian buffers will become more valuable to bats as the trees within the buffers continue 
to mature and transition to an uncluttered flyway surrounded by cluttered regrowth forest. 
In our study area, bat activity in 10–30 year old intact forests is 2–6 times lower than in 
65–130 year old forests (unpublished data).  
We were twice as likely to detect low frequency bats in the 0 m and 9 m sites post-
harvest. If, prior to timber harvest, low frequency bats preferred to forage above the 
canopy, as they do in South Carolina, USA (Menzel et al. 2005), it is unlikely that we 
would have detected their calls with detectors set approximately 30 m below the canopy. 
The ability to detect low frequency (25 kHz) sounds emitted 8.7 m above ground does not 
differ between clear cuts and intact (100%) forests in northern Alberta, Canada (Patriquin 
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et al. 2003), which suggests that we would have detected low frequency bats evenly pre- 
and post-harvest if they were foraging under the canopy prior to harvest. Thus, while 
higher post-harvest naïve occupancy rates for low frequency bats in the 0 m and 9 m sites 
may be a function of increased detection probability, it is also likely that low frequency 
bats increased activity close to the ground post-harvest because bats were better able to 
maneuver and forage in the cut areas. Low frequency (silver-haired) bats avoid intact 
forest when thinned and clear cut stands are available (Patriquin and Barclay 2003); 
likewise, low frequency bats in our study area may have responded positively to the 
reduction in clutter in the 0 m and 9 m treatment sites. 
Post-harvest detection probability was approximately two times higher for red bats. 
Red bats have similar activity rates above and below the forest canopy (Menzel et al. 
2005) and, as with low frequency bats, it is unlikely that we would have detected bats 
flying above the canopy prior to forest removal. Unlike low frequency bats, naïve 
occupancy rates were higher for red bats only in the first year post harvest in the 0 m and 
9 m treatments; in the second year after harvest, occupancy rates were similar to pre-
harvest rates. Because it is unlikely that detection probability would have changed from 
one to two years post-harvest, high naïve occupancy one year post-harvest in the 0 m and 
9 m sites is probably a reflection of increased use of the cut areas by red bats. It follows 
that the decline in naïve occupancy two years post-harvest in the same sites reflects a 
decrease in use of the cut areas by red bats, which fits with the trend we observed for an 
overall decline in bat activity in cut areas two years post harvest when compared to one 
year post-harvest.  
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In contrast to low frequency bats and red bats, probability of detecting pipistrelles 
increased by only 0.04 post-harvest. Thus, the post-harvest increase in occupancy rates 
for pipistrelles in the 0 m and 9 m sites indicates greater use post-harvest. Eastern 
pipistrelles are commonly associated with riparian habitats (Owen et al. 2004, Menzel et 
al. 2005, O’Keefe et al. 2009), but in South Carolina, they are more active in cluttered 
riparian habitats when compared to open riparian habitats (Menzel et al. 2005). Our data 
indicate that pipistrelles will use cluttered habitats, but the substantial variability in pre-
harvest occupancy rates among the three treatment sites shows that use of cluttered 
habitat may vary, even among forested sites similar in age/structure. Furthermore, higher 
occupancy in cut areas post-harvest suggests that pipistrelles are not restricted to foraging 
in cluttered riparian habitats and may even prefer to forage in uncluttered riparian habitat.   
Probability of detection was the same for Myotis bats pre- and post-harvest, so we 
conclude that naive occupancy rates reflect actual occupancy rates for Myotis bats. In 
contrast to the other phonic groups, pre-harvest occupancy rates were high for Myotis 
bats and there was no noticeable change in occupancy post-harvest. The most commonly 
captured Myotis in our study area were northern long-eared bats, a species adapted for 
cluttered habitats. This species often gleans insects from surfaces (Faure et al. 1993), 
forages in intact mature forests (Patriquin and Barclay 2003, Loeb and O’Keefe 2006) 
and typically roosts in interior forests (see Chapter 2). Thus, high occupancy rates in 
unharvested forests were consistent with our expectations for northern long-eared bats. 
However, high post-harvest occupancy in cut areas was not expected. In Oregon, Myotis 
activity is lower in logged riparian areas than in wooded riparian areas (Hayes and Adam 
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1996) and gleaning Myotis (M. evotis and M. thysanodes) are more active over streams 
with high canopy cover (Ober and Hayes 2008). Forests in the southern Appalachian 
Mountains are significantly different in structure and composition than forests in the 
Pacific Northwest. Our study area was heavily forested, dominated by mature deciduous 
forests (O’Keefe et al. 2009), and the riparian cuts represented a very low proportion of 
the forest. After the riparian sites were cut, there was still ample intact and mature 
roosting and foraging habitat for northern long-eared bats in our study area. Because 
Myotis bats did not decrease their use of the riparian sites post-harvest, we suggest that 
Myotis bats (particularly northern long-eared bats) are not restricted to foraging in 
cluttered habitats. It is possible that northern long-eared bats occasionally chose to forage 
in open or edge habitats in the cut sites to minimize energy expenditures associated with 
gleaning insects in cluttered habitats (Faure et al. 1993).  
Our study is limited in scope and inference due to sampling limitations and study 
design. Because we were sampling close to the ground, we are only able to make 
inferences about bat activity under the canopy in the pre-harvest period. In some habitats, 
bat activity is greater above the canopy than below (Menzel et al. 2005) and we recognize 
that we might have found different results for the pre- and post-harvest contrasts if we 
had sampled above the intact forest canopy prior to harvest. Furthermore, our treatments 
were not replicated, so we can only be certain that our conclusions are pertinent to the 
streams we studied. However, the results of this study provide valuable baseline data on 
bat activity in riparian areas near Appalachian headwater streams and we recommend 
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additional long term studies on the use of riparian forests by bats, with replication at the 
landscape scale.  
Management Implications 
We agree with Owen et al. (2004) that a good conservation strategy for bats should 
include the protection of forested riparian areas, although our data indicate that intact 
riparian forests near small streams receive only low levels of use by bats. Presently, the 
USFS (2000) requires a 30 ft (~9 m) buffer around small streams like the ones in this 
study (for which no rare plants are found in the riparian area). We found that a 9 m buffer 
was no different than a 0 m buffer with respect to mitigating the effects of forest removal 
on bat activity. Peterman and Semlitsch (2009) were also unable to differentiate 
responses for the 0 and 9 m treatments in their assessment of Blue Ridge two-lined 
salamander abundance in this same study area. Although bat activity did not change in 
response to the 30 m buffer, we suggest that larger buffer sizes be investigated in future 
research. Size of forested riparian buffers could also affect availability of suitable bat 
roosts and the abundance and diversity of prey. The benefits of riparian buffers to bats 
may not be fully evident one to two years post-harvest, so it will be important to continue 
to follow responses in these treatments over time. 
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CHAPTER 4 
QUANTIFYING CLUTTER: A COMPARISON OF FOUR METHODS AND THEIR 
RELATIONSHIP TO BAT DETECTION 
 
Abstract 
The degree of spatial complexity in the environment, or clutter, affects the foraging 
habitats and detection of insectivorous bats. Clutter has been assessed in a variety of 
ways but there are no standardized methods for measuring clutter. We compare four 
different methods and relate these to the probability of detecting bat calls. From June to 
July, 2005–2006, we used Anabat detectors to conduct acoustic surveys for 2–4 nights at 
71 points representing three visual clutter classes. Vegetation data were entered into a 
cluster analysis to identify groups of plots with similar characteristics. We used 
backwards stepwise discriminant analyses to identify important plot structure variables 
and we used discriminant analyses to test the effectiveness of important plot structure 
variables in classifying plots into visual clutter classes or clusters. Two clutter volume 
indices (Indexmax and Index15m) were computed for each plot by calculating the ratio of 
vegetation volume to available space in the plot. We used occupancy models to assess the 
effects of survey period and the clutter estimation methods on the probability of detecting 
bats. Naïve occupancy for bats was 0.82 and probability of detection varied by period. 
Midstory live stem count and canopy crown volume were the most effective measures of 
clutter for bats because both were plausible predictors of bat detection and important for 
discriminating among plots with differing structure. The use of clutter indices has 
promise but this method needs to be tested further. In future studies of bat foraging 
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habitat, quantitative measures should be used to assess clutter to facilitate comparisons 
among habitats or studies. 
Introduction 
The degree of spatial complexity in the environment, or clutter (Fenton 1990), is an 
important factor in the selection of suitable foraging habitat by insectivorous bats (Humes 
et al. 1999, Law and Chidel 2002, Erickson and West 2003, Patriquin and Barclay 2003). 
Worldwide, approximately 70% of the 1100+ bat species are insectivorous (Jones and 
Rydell 2003), but there is considerable variation among these species in their use of 
clutter. Species that forage in cluttered habitats tend to be more efficient morphologically 
because they have low wing loading (mass/wing area) or small aspect ratios 
(wingspan2/wing area) (Norberg and Rayner 1987). Although most Vespertilionid bats 
tend to have low wing loading (Norberg and Rayner 1987), a slight change in body size 
can have a significant impact on habitat use. For example, Patriquin and Barclay (2003) 
found Myotis bats (wingloading 0.067–0.069, Farney and Fleharty 1969) were present in 
cleared, thinned, and unharvested patches of boreal forest but silver-haired bats 
(Lasionycteris noctivigans; wingloading 0.081, Farney and Fleharty 1969) avoided 
unharvested patches of forest. Ability to forage effectively in clutter may also depend on 
echolocation call structure. High frequency broadband calls are most efficient for locating 
prey against a cluttered background (Siemers and Schnitzler 2004), but even species that 
use such calls, like northern long-eared bats (Myotis septentrionalis) and little brown bats 
(M. lucifugus), modify their echolocation calls in dense vegetation by increasing 
frequency and slope, and decreasing call duration (Broders et al. 2004, Wund 2006). 
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Species with lower frequency calls, such as big brown bats (Eptesicus fuscus) and hoary 
bats (Lasiurus cinereus) tend to forage in openings (Menzel et al. 2002a) or above the 
forest canopy (Menzel et al. 2005). As an alternative to echolocation, some species 
merely listen for prey-generated sounds when foraging in dense clutter (Arlettaz et al. 
2001).  
Clutter is also important to consider when designing acoustical studies and 
interpreting recorded data because dense vegetation may obscure bat calls. For example, 
when multiple detectors are set at a point within a forest, those oriented toward the lowest 
clutter record more bat passes than those facing areas of higher clutter (Weller and Zabel 
2002). Further, clutter-adapted bats may be more difficult to detect because they often 
use low intensity calls (e.g., M. auriculus, Fenton and Bell 1979) and attenuation rate 
increases with call frequency (Lawrence and Simmons 1982). However, in a study in 
open, thinned, and intact forest habitats in Alberta, Canada, Patriquin et al. (2003) found 
that 40 kHz sounds are detected 18 m from the source regardless of the complexity of 
habitat structure, but 25 kHz sounds are not detected as readily in intact forest patches. 
Missed calls may be interpreted as (false) absences or lower activity levels. Dense clutter 
may also affect the quality of recorded calls. Calls from mature forests are less likely to 
be identifiable than calls from other habitats (Britzke 2003) and there is a weak negative 
correlation between forest canopy cover and the proportion of identifiable passes (Ford et 
al. 2005). Poor quality calls are difficult to identify to species or may be misidentified.  
Although clutter affects bat behavior and the design and interpretation of acoustic 
studies, there are no standardized methods for measuring clutter. In most studies, bat 
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activity is compared among habitats (e.g. thinned, unthinned, and old-growth forests in 
western Oregon, Humes et al. 1999 or open lake, open river, and forest edge, Wund 
2006) but this method does not facilitate comparisons among study areas. One technique 
for assessing clutter is to classify sites into predefined clutter categories by visual 
inspection (e.g., Loeb and O'Keefe 2006), a method that may not be accurate unless the 
categories are very broad (e.g. gap or forest). Bradshaw (1996) used a camera to 
construct vertical profiles of clutter density based on a method developed by MacArthur 
and Horn (1969) but this method was not fully assessed. Law and Chidel (2002) 
estimated clutter for different vegetation strata by scoring clutter on a scale of 1–4. A 
similar method developed by the USDA, Forest Service Forest Inventory and Analysis 
Work Unit (1991) is the “zone percent” technique in which vegetation density is 
quantified by estimating the percent contribution of different types of vegetation to each 
of three canopy layers within an imaginary plot cylinder, but this method could be time 
consuming and subjective in speciose habitats, such as broadleaf deciduous forest. 
Quantitative habitat variables such as canopy closure and canopy height (Ford et al. 
2005), distance to vegetation (Broders et al. 2004), and live tree basal area (Yates and 
Muzika 2006) have been used as indices for clutter in studies of bat habitat use and 
echolocation but we know of no studies that have compared the efficacy of these 
measures as clutter indices. 
Our goal was to develop an efficient way to measure vegetative clutter that could 
easily be applied to other forested ecosystems. Here we compare four methods for 
defining vegetative clutter. For the Visual Clutter Method, we classified survey sites into 
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three clutter classes (high, medium, or low) based on the assessment of one observer and 
used a discriminant analysis to identify important variables for differentiating among the 
three clutter classes. Next we applied the Cluster Method, in which we measured several 
plot structure variables, used a cluster analysis to identify groups of plots with similar 
characteristics, and then used a discriminant analysis to determine which variables best 
discriminated among the groups. We used the results of the discriminant analyses for the 
Visual Clutter and Cluster methods to determine the relative importance of individual 
plot structure variables as indices of clutter (Single Variable Method). Finally, we used a 
Clutter Index Method, creating clutter volume indices based on the ratio of vegetation 
volume to available space in a cylinder the same radius as the plot. With this method, our 
goal was to quantify clutter in a comprehensive way that was repeatable among observers 
and habitat types. To test the effectiveness of each method, we related measures of clutter 
to the probability of detecting bat calls. We assumed that probability of detection varies 
inversely with clutter either because bat presence will decline, or because bats are more 
difficult to detect with increasing clutter. 
Materials and Methods 
Study area—We conducted our study from June to August 2005–2006 on the Wayah 
Ranger District of the Nantahala National Forest in Macon County, North Carolina. Our 
study sites were in the Trimont Ridge (TR; 83° 29’ E, 35° 11’ N) and the Wine Springs 
(WS; 83° 34’ E, 35° 11’ N) tracts. TR was approximately 2658 ha with elevations 
ranging from 700 m to 1200 m and WS was approximately 2183 ha with elevations 
ranging from 800 m to 1600 m. While oaks (Quercus) and hickories (Carya) were 
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common overstory hardwoods in both tracts, yellow poplars (Liriodendron tulipifera) 
were more prevalent in TR and sugar maples (Acer saccharum) and yellow birch (Betula 
alleghaniensis) were common in WS. White pine (Pinus strobus) was the most common 
overstory conifer in both tracts. Upland hardwood stands dominated TR (54%; 1448 ha), 
followed by cove hardwood stands (35%; 936 ha), mixed pine-hardwood stands (8%; 225 
ha), and white pine stands (2%; 45 ha). Upland hardwood stands also dominated WS 
(57%; 1239 ha), followed by cove hardwood stands (32%; 708 ha), mixed pine-hardwood 
stands (11%; 232 ha), and conifer stands (<1%; 4 ha). Based on stand ages in 2005, 
approximately 143 ha (5.4%) of TR was early successional (<15 yr), 325 ha (12.2%) was 
sapling/pole (16–39 yr), 732 ha (27.5%) was mid-successional (40–79 yr), and 1459 ha 
(54.9%) was late-successional (> 80 yr). In WS, 144 ha (6.6%) of the area was early 
successional, 112 ha (5.1%) was sapling/pole, 500 ha (22.9%) was mid-successional, and 
1428 ha (65.4%) was late-successional. In summer (May–August), mean minimum and 
maximum daily temperatures were 16.8 ◦C and 28.0 ◦C in 2005, and 15.3 ◦C and 27.8 ◦C 
in 2006. Total precipitation in the same period was 45.0 cm in 2005 and 23.1 cm in 2006. 
Temperatures and remotely sensed precipitation estimates are for Wayah Bald, ~13 km 
southwest of the study area center (State Climate Office of North Carolina). 
Sampling—We conducted six sampling sessions (3/summer); in each session, 12 
forest stands were sampled. One stand was sampled twice in two different sessions so a 
total of 71 stands were sampled. Because vegetation density varies with elevation and 
aspect, we simultaneously sampled 12 elevation/aspect combinations in each session. 
Each of the 12 survey points represented a unique combination of three variables: 
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elevation (TR = low, WS = high), aspect (general facing of N or S), and visual clutter 
(high, medium, or low). We numbered 311 potential stands and used randomly generated 
numbers to select stands for each session. In general, low clutter stands contained <6 or 
>95 year old hardwoods or mixed pine-hardwoods; medium clutter stands contained 70–
100 year old hardwoods; and high clutter stands contained 10–25 year old hardwoods or 
mixed pine-hardwoods. A single person assigned visual clutter (high, medium, low) 
designations to all stands in the field. For each stand, we generated a random point using 
an extension to ArcView 3.2 (ESRI, Redlands, California). Detectors were set at the 
position closest to the random point that was also >25 m from the stand edge, streams, 
trails, or canopy gaps >10 m wide.  
We used an Anabat II detector (Titley Electronics, Ballina, New South Wales, 
Australia) connected to a compact flash storage zero-crossings interface module (CF 
ZCAIM) to passively sample each point from 20:30–6:30 EDT for 2–4 consecutive 
nights during each session. Anabats and ZCAIMs were housed together in waterproof 
containers with the microphone nested at the base of a 45◦ PVC tube, set on tripods ~1.3 
m high, and oriented downslope in a position where no vegetation directly obstructed the 
microphone (Weller and Zabel 2002). We randomly assigned detectors to points to 
minimize bias due to variable reception rates for different detectors (Britzke 2004).  
Acoustic data were analyzed with Analook software (v 4.9j) for MS-DOS 
(http://users.lmi.net/corben/anabat.htm). Bat echolocation call sequences were selected 
using a filter that excluded call fragments and insect noise, and we verified selected files 
as call sequences by visual inspection. The filter we used was identical to the default 
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filter, except minimum frequency sweep parameter was 0 and bodyover parameter was 
160 (Britzke 2003). We constructed a comprehensive presence/absence history 
(MacKenzie et al. 2006) for all surveys by assigning a one to detector-nights where ≥1 
bat call was recorded and a zero to detector-nights with no bat calls. We did not identify 
passes to species because only 21 and 66 bat passes were of sufficient quality for 
identification (≥5 pulses per sequence) in 2005 and 2006, respectively. We treated each 
sampling night as one visit when generating detection histories for each site. Twelve 
points surveyed in August 2005 were dropped from the acoustical analysis because CF 
cards were filled with excessive insect noise. Thus, we analyzed detection data for 60 
sampling points. 
Plot structure data—We collected vegetation data in 0.04 ha plots at each sampling 
point. Because we were working in steep terrain, we applied a correction factor to the 
plot radii in the direction of the slope to ensure that area (0.04 ha) was consistent among 
plots. Radii for the uphill and downhill plot lines were obtained by dividing the original 
plot radius (11.3 m) by cos(arctan(plot slope in decimal form)) (Abella et al. 2004). 
Within a nested 0.01 ha circle, we measured the diameter at breast height (dbh) for all 
live and dead stems >1.4 m tall; stem counts were subsequently multiplied by four for 
comparison with whole plot data. Outside the nested plot, dbh was tallied for all live and 
dead trees >10 cm dbh and >1.4 m tall. In addition, for each quarter plot, we selected a 
live reference stem or tree from each of three canopy layers (understory, midstory, and 
canopy). Canopy trees were defined as the tallest trees >10 cm dbh in a particular stand; 
the midstory layer included saplings 4–10 cm dbh with crowns completely beneath the 
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upper canopy layer; and understory trees were saplings or shrubs >1.4 m tall and <4 cm 
dbh. For each reference tree, we recorded diameter at breast height (dbh) and crown 
width (average of the longest axis and its perpendicular). We used a clinometer to 
measure stem and crown heights for each reference tree. For each plot, we calculated the 
average volume for the stems (circular cylinder, Vstem) and crowns (elliptical cylinder, 
Vcrown) of reference trees in each of three canopy layers. Plot data were condensed into 14 
variables representing plot structure (Table 4.1). 
We developed two clutter indices (Indexmax and Index15m) by calculating a ratio of 
vegetation to available space in each plot. To calculate Indexmax, we first determined the 
volume occupied by all of the vegetation in each plot (Vveg total). To do this, we calculated 
total crown volume (Vcrown total) and total stem volume (Vstem total) by combining 
measurements for Vcrown and Vstem from the three canopy layers.  
Vcrown total was defined as:               (1) 
(live understory stems/0.04 ha)(mean understory Vcrown) 
+ (live midstory stems/0.04 ha)(mean midstory Vcrown) 
+ (live canopy stems/0.04 ha)(mean canopy Vcrown) 
Vstem total was defined as:                (2) 
(live understory stems/0.04 ha + dead understory stems/0.04 ha)(mean understory Vstem) 
+ (live midstory stems/0.04 ha + dead midstory stems/0.04 ha)(mean midstory Vstem)   
+ (live canopy stems/0.04 ha + dead canopy stems/0.04 ha)(mean canopy Vstem) 
Subsequently, Vveg total was defined as:            (3) 
Vcrown total + Vstem total 
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Next we determined the actual volume of each plot. We determined the height of the 
tallest tree in each plot (heightmax) and used this value to calculate the volume of a 
cylinder the same height as the tallest plot tree. Thus, each plot had a unique value for 
volume.  
Maximum height plot volume (Vplot max) was defined as:        (4) 
(π)(11.3 m)(11.3 m)(heightmax) 
Finally, we defined Indexmax as:              (5) 
Vveg total / Vplot max  
To calculate Index15m, we determined the volume occupied by vegetation ≤15 m from 
the ground (Vveg 15m). We chose 15 m as a conservative estimate of the height at which we 
should be able to detect calls from all of the common bats in our study area (given that a 
100 dB 40 kHz sound attenuates at ~27 m at 15°C, 65% relative humidity; Lawrence and 
Simmons 1982). For each plot, we truncated the measurement data for crown and stem 
heights to 15 m (i.e., heights >15 m were replaced with 15 m). Next we calculated crown 
volumes up to 15 m (Vcrown 15m) and stem volumes up to 15 m (Vstem 15m) by combining 
measurements for stem counts and crown (Vcrown 15m) and stem volumes (Vstem 15m).  
Vcrown 15m was defined as:                (6) 
(live understory stems/0.04 ha)(mean understory Vcrown 15m) 
+ (midstory live stems/0.04 ha)(mean midstory Vcrown 15m) 
+ (canopy live stems/0.04 ha)(mean canopy Vcrown 15m) 
Vstem 15m was defined as:                (7) 
(live understory stems/0.04 ha + dead understory stems/0.04 ha)(mean understory Vstem 15m) 
+ (live midstory stems/0.04 ha + dead midstory stems/0.04 ha)(mean midstory Vstem 15m)  
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+ (live canopy stems/0.04 ha + dead canopy stems/0.04 ha)(mean canopy Vstem 15m) 
Subsequently, Vveg 15m was defined as:            (8) 
Vcrown 15m + Vstem 15m 
We determined a standard volume for all plots using 15 m for height (Vplot 15m):  (9) 
(π)(11.3 m)(11.3 m)(15 m)  
Finally, we defined Index15m as:                 (10) 
Vveg 15m / Vplot 15m 
Statistical analyses—To remove the effects of differing scales, we standardized 
(PROC STDIZE) each of the 14 plot structure variables (Table 4.1) by subtracting the 
mean and dividing by the standard deviation. To assess the Visual Clutter Method, we 
performed a backwards stepwise discriminant analysis (PROC STEPDISC) to identify a 
subset of the 14 standardized plot structure variables that best accounted for the variation 
among the three visual clutter groups. For each significant variable we used an analysis 
of variance (PROC ANOVA) with a Tukey means separation procedure to test for 
significant differences among the three visual clutter classes. Next, we entered significant 
variables into a discriminant function analysis (PROC DISCRIM) to test their 
effectiveness in classifying the plots into the three visual clutter classes.  
For the Cluster Method, we entered the 14 plot structure variables into a cluster 
analysis (PROC CLUSTER) to find meaningful groupings in the data. Because there is 
no generally accepted clustering technique (Manly 2005) we explored several methods 
and selected Ward’s Minimum Variance Method, which minimizes within cluster sum of 
squares (SAS Institute Inc. 2004). We defined primary (n = 2) and secondary (n = 4) 
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clusters using the first two levels of nodes encountered in a tree diagram (PROC TREE). 
No additional clusters were considered because we felt that >4 clutter groups would be 
difficult to assess visually. We performed a backwards stepwise discriminant analysis 
(PROC STEPDISC) to identify the subset of the 14 plot structure variables that best 
accounted for variation between primary clusters. For each significant variable we used 
an analysis of variance (PROC ANOVA) with a Tukey means separation procedure to 
test for significant differences between the primary clusters. Next, we entered significant 
variables into a discriminant function analysis (PROC DISCRIM) to test their 
effectiveness in classifying the plots into the primary clusters. We repeated the stepwise 
discriminant analysis, ANOVA, and discriminant function analysis for plots in the 
secondary clusters.  
For the Clutter Index Method, we tested for correlations between the clutter indices 
(Indexmax and Index15m) and 14 plot structure variables (raw) with Pearson product-
moment correlations (PROC CORR). ANOVA tests and correlations were considered 
significant if P ≤ 0.05. All aforementioned statistical tests were conducted in SAS 9.1 
(SAS Institute, Inc. 2004). 
Using program PRESENCE (Hines 2006), we assessed temporal variability in 
detection rates by comparing two models: a null detection model and a model in which 
survey period was a sampling covariate. We used the best model as a base for 19 
additional models relating probability of detection to the different methods of clutter 
assessment: visual clutter groups, primary clusters, secondary clusters, 14 plot structure 
variables (Table 4.1), Indexmax, and Index15m. All quantitative covariates were 
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standardized in PRESENCE. We used Akaike’s information theoretic procedures to rank 
models by their respective values for Akaike’s information criterion for small sample 
sizes (AICc) and computed Akaike weights (wi) to compare the plausibility of competing 
models (Burnham and Anderson 2002). We considered the model with the lowest value 
for AICc to be the best model and models with ∆AICc ≤ 2 to be plausible.  
Results 
Visual Clutter Method—Six plot structure variables were important for differentiating 
the three visual clutter classes although only canopy live stem count differed between the 
low and medium clutter groups (Table 4.2). Understory and midstory live and dead stem 
counts were greatest in high clutter plots and lowest in low and medium clutter plots 
(Table 4.2). Canopy live stem count was high in medium clutter plots and canopy crown 
volume was low in high clutter plots (Table 4.2). Using the six variables in Table 4.2, a 
discriminant analysis correctly reclassified 22 of 24 (91.7 %) high clutter plots, 19 of 24 
(79.2 %) medium clutter plots, and 16 of 23 (69.6 %) low clutter plots. One high clutter 
plot was misclassified as a medium clutter plot and one as low clutter plot, five medium 
clutter plots were misclassified as low clutter plots, and seven low clutter plots were 
misclassified as medium clutter plots.  
Cluster Method—We defined two primary and four secondary clusters for the plot 
data from the tree graph (Figure 4.1). Six plot structure variables best discriminated 
between primary clusters A and B (Table 4.3). Plots in cluster A were characteristic of 
mature stands, with greater midstory crown volume, more dead canopy stems, and greater 
live tree basal area (Table 4.3). Plots in cluster B had the characteristics of early 
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successional stands, with more live understory stems and live and dead midstory stems. 
Using the six variables in Table 4.3, a discriminant analysis correctly reclassified 49 of 
50 (98 %) plots in cluster A and 21 of 21 plots in cluster B.  
Nine variables differentiated the secondary clusters (Table 4.4). Plots in cluster A1 
had the structure of late successional stands, with fewer under and midstory stems, 
greater understory crown volumes, greater midstory stem volume, fewer live canopy 
stems, and greater canopy crown volume (Table 4.4). Plots in cluster A2 had the structure 
of mid to late successional stands, with fewer understory and midstory stems with smaller 
crowns than in A1 plots. Plots in cluster B1 were indicative of sapling/pole or mid-
successional stands, with higher stem densities in all layers but smaller crowns and stem 
volumes. Plots in cluster B2 had the structure of recently harvested sites, with higher 
stem counts in the understory and lower stem counts in both the midstory and canopy. 
Using the nine variables listed in Table 4.4, a discriminant analysis correctly reclassified 
9 of 10 (90%) plots as A1, 38 of 40 (95%) plots as A2, 14 of 14 plots as B1, and 7 of 7 
plots as B2. One A1 plot was misclassified as A2, 1 A2 plot was misclassified as A1, and 
1 A2 plot was misclassified as B1.  
Clutter Index Method—Indexmax ranged from 0.03–1.33 for 71 plots (>1 for 10 plots), 
with values of 0.03–1.33 for low visual clutter plots, 0.08–1.32 for medium clutter plots, 
and 0.08–1.18 for high clutter plots. Indexmax was positively correlated with understory 
stem volume (r = 0.49, P < 0.001), canopy live stem count (r = 0.24, P = 0.04), and 
canopy crown volume (r = 0.57, P < 0.001). Index15m ranged from 0.04–2.81 for 71 plots 
(>1 for 27 plots), with values of 0.04–2.32 for low clutter plots, 0.19–2.81 for medium 
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clutter plots, and 0.16–1.82 for high clutter plots. Index15m was positively correlated with 
understory stem volume (r = 0.35, P = 0.003), midstory crown volume (r = 0.25, P = 
0.04), canopy live stem count (r = 0.42, P = 0.0002), canopy crown volume (r = 0.77, P < 
0.0001) and live tree basal area (r = 0.40, P = 0.0006). 
Detection models—We recorded 479 echolocation sequences in 2005 (two sessions) 
and 790 in 2006 (three sessions). The null model was the best model but the model with 
period as a detection covariate was also plausible. The naïve occupancy rate was 0.82 ± 
0.05 and probability of detection was slightly higher in 2005 than in 2006 (Table 4.5). 
Bats were recorded on every survey night in 2005 and 2006 but never simultaneously in 
every site surveyed. Of 12 active detectors, 2–11 recorded bats on any given night. Naïve 
site occupancy rates ranged from 0–1 and naïve occupancy was ≥0.67 for 41 of 60 sites.  
We used the null detection model as a base for when assessing the effects of clutter 
on detection. There were three plausible models relating probability of detection to clutter 
methods (Table 4.6). The model with the lowest AICc was midstory live stem count (wi = 
0.46, Table 4.6). Two other plausible models were Index15m (wi = 0.25) and canopy 
crown volume (wi = 0.18), and the combined weights of all three models (sum wi = 0.90) 
suggest a high probability that one of these models was the best approximating model 
from the candidate models we tested. Midstory live stem count was inversely related to 
detection probability, but Index15m and canopy crown volume had direct relationships 
with detection probability (Figure 4.2). Visual clutter groups and clusters were not good 
predictors of detection probability and, aside from midstory live stem count and canopy 
crown volume, plot structure variables were not important predictors. 
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Table 4.1. Fourteen plot structure variables measured in 0.04 ha plots at bat survey points 
(n = 71) in temperate deciduous forests in southwestern North Carolina, USA, June to 
July, 2005–2006.  
 
Variable Definition 
ulstmct live understory stems/0.04 ha 
udstmct dead understory stems/0.04 ha 
ucrnvol mean understory crown volume (m3) 
ustmvol mean understory stem volume (m3) 
mlstmct live midstory stems/0.04 ha 
mdstmct dead midstory stems/0.04 ha 
mcrnvol mean midstory crown volume (m3) 
mstmvol mean midstory stem volume (m3) 
clstmct live canopy stems/0.04 ha 
cdstmct dead canopy stems/0.04 ha 
ccrnvol mean canopy crown volume (m3) 
cstmvol mean canopy stem volume (m3) 
ltba live tree basal area (m2/0.04 ha) 
dtba dead tree basal area (m2/0.04 ha) 
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Table 4.2. Means and standard errors (S.E.s) by visual clutter class for six variables retained by stepwise discriminant analysis 
of 14 plot structure variables measured in 0.04 ha plots around bat survey points in temperate deciduous forests in 
southwestern North Carolina, USA, June to July, 2005–2006. F and P are the results of ANOVA tests for each variable. 
 
  Visual Clutter Class (number of plots)       
Discriminating 
Variablea 
High (n = 24) Medium (n = 24) Low (n = 23) 
Mean S.E.   Mean S.E.   Mean S.E.   F P 
ulstmct 1256.0Ab 244.6 453.3B 62.6 389.6B 110.2 9.13 0.0003 
udstmct 482.7A 95.0 41.3B 10.9 38.3B 11.7 20.71 <0.0001 
mlstmct 351.3A 31.1 119.3B 15.1 87.7B 19.1 39.61 <0.0001 
mdstmct 74.0A 14.2 19.3B 5.8 13.9B 4.2 12.97 <0.0001 
clstmct 23.4AB 1.9 26.5A 1.6 18.8B 1.5 5.20 0.0079 
ccrnvol 97.6A 15.3   178.0B 22.1   233.7B 27.0   9.79 0.0002 
a
 Refer to Table 4.1 for variable definitions 
b Means followed by the same letter within a row are not significantly different (P > 0.05) 
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Table 4.3. Means and standard errors (S.E.s) by primary clusters for six variables retained 
by stepwise discriminant analysis of 14 plot structure variables measured in 0.04 ha plots 
around bat survey points in temperate deciduous forests in southwestern North Carolina, 
USA, June to July, 2005–2006. F and P are the results of ANOVA tests for each variable. 
 
  Primary Cluster (number of plots)     
Discriminating 
Variablea 
A (n = 50) B (n = 21) 
Mean S.E.   Mean S.E. F P 
ulstmct 416.3 45.7 1389.0 281.6 25.12 <0.0001 
mlstmct 110.7 12.7 370.3 32.2 82.42 <0.0001 
mdstmct 24.6 5.9 63.2 14.2 9.03 0.0037 
mcrnvol 55.5 4.8 12.5 2.3 32.53 <0.0001 
cdstmct 1.8 0.2 0.6 0.2 9.07 0.0036 
ltba 1.3 0.1   0.5 0.0 100.52 <0.0001 
a
 Refer to Table 4.1 for variable definitions 
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Table 4.4. Means and standard errors (S.E.s) by secondary clusters for nine variables retained by stepwise discriminant 
analysis of 14 plot structure variables measured in 0.04 ha plots around bat survey points in temperate deciduous forests in 
southwestern North Carolina, USA, June to July, 2005–2006. F and P are the results of ANOVA tests for each variable. 
 
  Secondary Cluster (number of plots)     
Discriminating 
Variablea 
A1 (n = 10) A2 (n = 40) 
 
B1 (n = 14) B2 (n = 7) 
Mean S.E.   Mean S.E.   Mean S.E.   Mean S.E. F P 
ulstmct 302.4Ab 23.0 444.8A 13.0 918.9A 35.0 2329.1B 174.5 18.06 <0.0001 
ucrnvol 6.0A 1.0 2.2B 0.2 2.1B 0.4 1.6B 0.6 15.45 <0.0001 
mlstmct 81.6A 7.7 118.0A 3.5 418.3B 8.3 274.3C 14.3 33.92 <0.0001 
mdstmct 4.8A 1.2 29.6A 1.8 91..4B 4.1 6.9A 1.2 10.37 <0.0001 
mstmvol 0.1A 0.0 0.0B 0.0 0.0B 0.0 0.0B 0.00 17.61 <0.0001 
clstmct 18.5A 2.5 25.2B 1.1 26.9B 1.8 8.9C 2.3 13.7 <0.0001 
cdstmct 0.7A 0.4 2.1BC 0.3 0.6A 0.3 0.6AC 0.2 5.63 0.0017 
ccrnvol 268.0A 47.5 186.1AB 17.6 73.7C 10.3 118.8BC 24.6 7.76 0.0002 
ltba 1.3A 0.1   1.3A 0.0   0.5B 0.0   0.4B 0.1 33.28 <0.0001 
a
 Refer to Table 4.1 for variable definitions 
b Means followed by the same letter within a row are not significantly different (P > 0.05) 
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Table 4.5. Temporal variation in detection probabilities for bats in five acoustic surveys 
conducted in temperate deciduous forests in southwestern North Carolina, USA, June to 
July, 2005–2006.  
 
Year Survey 
Probability of 
Detection S.E. 
2005 Late June 0.86 0.04 
 
Late July 0.84 0.04 
2006 Early June 0.83 0.03 
 
Late June 0.81 0.03 
  Late July 0.78 0.05 
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Table 4.6. Model parameters and standard errors (S.E.s), Akaike's Information Criterion for small sample sizes (AICc), 
difference in AICc value when compared to the model with the lowest AICc value (∆AICc), and Akaike weight (wi) for 
models relating clutter methods to bat detection probabilities at 60 survey points in southwestern North Carolina, USA, June to 
July, 2005–2006. 
 
Modela  
Parameter 
estimateb S.E.b Odds ratio 
AICc ∆AICc wi 
mlstmct -0.8488 0.2202 0.4279 192.02 0.00 0.4633 
Index 15m 0.8761 0.2912 2.4015 193.25 1.23 0.2505 
ccrnvol 0.8616 0.3103 2.3669 193.89 1.87 0.1819 
visual clutter  197.22 5.20 0.0344 
Index max 197.80 5.78 0.0258 
ltba 199.60 7.58 0.0105 
mstmvol 199.84 7.82 0.0093 
udstmct 201.54 9.52 0.0040 
primary cluster 201.67 9.65 0.0037 
mcrnvol 201.87 9.85 0.0034 
mdstmct 202.07 10.05 0.0030 
dtba 202.82 10.80 0.0021 
ustmvol 203.48 11.46 0.0015 
cstmvol 203.63 11.61 0.0014 
secondary cluster 204.54 12.52 0.0009 
ucrnvol 203.97 11.95 0.0012 
clstmct 204.07 12.05 0.0011 
ulstmct 204.20 12.18 0.0010 
cdstmct       204.33 12.31 0.0010 
a Refer to Table 1 for variable definitions 
b Parameter estimates, S.E.s, and odds ratios reported only for plausible models 
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Figure 4.1. Ward’s minimum variance cluster groupings for bat survey points based on 14 plot structure variables measured in 
0.04 ha plots in temperate deciduous forests in southwestern North Carolina,
the two primary clusters and A1, A2, B1, and B2 represent the four secondary clusters.
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 USA, June to July, 2005–2006. A and B represent 
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Figure 4.2. Relationship between probability of detecting bats and A) midstory live stem 
count, B) Index15m, and C) mean canopy crown volume for acoustic survey points in 
temperate deciduous forests in southwestern North Carolina, USA, June to July, 2005–
2006. 
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Discussion 
We found that quantitative measurements of individual variables (Single Variable 
Method) were the most effective measures of clutter relative to the other methods we 
tested. Midstory live stem count and canopy crown volume were two of the three best 
predictors of bat detection and were important in discriminant analyses. Both variables 
related to bat detection as expected: midstory live stem count was inversely related to bat 
detection probability and canopy crown volume was directly related to bat detection 
probability. Midstory live stem count was also important for distinguishing among plots 
classified by Visual Clutter and both Cluster Methods, while canopy crown volume was 
important in distinguishing among visual classes and secondary clusters. Relative to the 
other methods we considered, there are several benefits to using a single variable to 
assess clutter. Measurements are easy and repeatable among observers and using a single 
variable facilitates comparisons among habitat types or study areas. Because variable 
definitions or characteristics may vary with habitat type (e.g. the definition of midstory 
stems may differ for a 15 year old versus a 50 year old hardwood stand) some variation 
among studies or habitats may occur. 
Although we found that midstory live stem count was the best predictor of bat 
detection, stem counts are not typically used as clutter indices in bat studies. However, 
bat activity has a significant negative association with tree density (average number/ha) 
in Oregon (Erickson and West 2003). We know of no studies that have used canopy 
crown volume as an index of clutter, but some studies have related bat activity to canopy 
cover (Ford et al. 2006a, Yates and Muzika 2006). In Missouri, Yates and Muzika (2006) 
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found a direct relationship between bat occupancy and canopy cover (described as 
‘canopy closure’), but canopy cover was inversely related to the presence of four phonic 
groups in South Carolina (Ford et al. 2006a). Jennings et al. (1999) define canopy cover 
as the proportion of the forest floor covered by the vertical projection of tree crowns and 
canopy closure as the proportion of the sky obscured by vegetation; they note that the two 
terms are often confused. Because canopy cover measures the presence or absence of 
canopy (Jennings et al. 1999), it can be high in both mature stands with little understory 
(which we would define as low clutter for bats) and in young stands with dense 
understory (high clutter); thus, canopy cover may not be a good way to assess clutter for 
bats. Canopy closure is less subject to sampling bias when compared to canopy cover and 
may be a better measure of clutter because it is directly related to tree heights within a 
stand (Jennings et al. 1999). In this study, we took detailed measurements of crown 
volume and observed a trend for increasing canopy (tallest trees) crown volume with 
decreasing visual clutter. Canopy crown volume is probably a more reliable predictor of 
clutter than canopy cover because 10–25 cm dbh (i.e., midstory) tree density is lowest 
when the tallest trees in a stand account for a high proportion of canopy crown area 
(Donoso 2005). Live and dead tree basal areas were not important predictors of the 
probability of detecting bats in this study. However, live and dead tree basal area are 
important predictors of bat occupancy (Yates and Muzika 2006) or activity (Erickson and 
West 2003, Ford et al. 2006a) for some bats that roost in large trees (e.g., Myotis spp.). 
The Clutter Index Method has promise as a comprehensive descriptor for plot or 
stand-level clutter, but this method needs to be refined. Although our goal was for the 
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indices to range from 0–1, Indexmax and Index15m were >1 for 14% and 38% of plots, 
respectively. We also decided a priori that effective indices would be directly related to 
visual clutter (e.g., low visual clutter would have a low clutter index). However, we 
found neither a direct or indirect relationship between the indices and visual clutter 
classes. Further, although Index15m was an important predictor of detection probability, it 
was unexpected that detection probability would increase as Index15m increased. Both 
Indexmax and Index15m were positively correlated with canopy crown volume and it is 
likely that overestimating the contribution of crowns was the primary cause of error in the 
clutter index method. Clutter indices might be more reliable if crowns are measured only 
to the edge of a plot and for each tree or sapling in a plot rather than for a small group of 
reference trees. Although Index15m was a better predictor of detection probability than 
Indexmax, we do not have sufficient evidence to recommend one method over another and 
suggest that both methods be tested in future studies.  
The Visual Clutter Method was simple, but this type of classification scheme was not 
a good predictor of the probability of bat detection. Furthermore, we were unable to 
discriminate between medium and low visual clutter classes with the discriminant 
analyses, suggesting that we were not good at visually assessing differences in clutter 
levels for the stands in our study area. In future studies of forests similar to the broadleaf 
deciduous forests in this study, using only two visual clutter classes (e.g., forest and 
open) may be more appropriate and effective. As further evidence of the merits of using 
only two groups, classification rates were higher for the two primary clusters than for the 
three visual clutter classes.  
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When the objective of a study is to relate bat activity to managed forest types and 
ages in a heterogeneous landscape, it may be desirable to use >2 clutter groups to 
describe available habitat. Although nine variables were needed to differentiate the four 
secondary clusters, classification rates were higher for the secondary clusters (83.3–100 
%) when compared to three visual clutter classes (65.2–87.5 %). We suspect that 
classification rates were lower for visual clutter classes because we chose three classes a 
priori and then “forced” stands into one of the three classes. If >2 classes are to be used to 
describe clutter, we suggest that definitions for clutter classes be based on defined ranges 
of values for common stand descriptors, such as stem density or mean crown volume, in 
multiple canopy layers. However, because qualitative methods were not good predictors 
of detection probability, we recommend using quantitative measures to assess clutter 
when possible. Quantitative variables may provide a better assessment of fine-scale 
clutter than qualitative variables, and this is important because bats may select areas with 
reduced fine-scale clutter (Loeb and O’Keefe 2006, Ober and Hayes 2008), even within 
cluttered stands.  
Management Implications 
Bats occupied a wide range of clutter levels in forests in our study area, but were 
most likely to be detected in uncluttered forests (i.e., stands with low midstory stem 
counts and high canopy crown volumes). We were unable to compare detection 
probabilities among species, but we suspect that bats in our study area differ in their use 
of cluttered habitats and, thus, do not discount the suitability of cluttered forests as 
foraging or commuting habitat for some bat species. Although we placed detectors at 
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points where vegetation did not obscure the microphone (as recommended by Weller and 
Zabel 2002) and occupancy rates were high (≥0.67) for most of the sites we surveyed, we 
recorded few high quality calls suitable for identification. Thus, for a forest manager with 
limited resources (time and detectors) whose goal is to compare bat activity among forest 
types and ages, it might be more effective to place detectors in the lowest clutter point 
within a survey stand (e.g., on a skidder trail).  
In complex forests such as those in our study area, we suggest that either a very 
simple classification system (i.e., two classes) or quantitative measurements will be 
necessary for studies that seek to relate bat activity or presence to habitat characteristics. 
We tested a novel method for clutter classification, the Clutter Index method, and found 
that it performed poorly relative to other clutter methods. Novel methods should be tested 
thoroughly prior to implementation in long term studies. Because we observed temporal 
variation in detection probabilities, we also recommend long term studies of bat foraging 
preferences.  
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Appendix A 
Decay Classes (From Ormsbee 1996) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Typical 
Attributes 
Decay class 
1 2 3 4 
% Dead 100% 100% 100% 100% 
Branches 80 - 100% few - no branches limb stubs to none none 
Bark 80 - 100% varies varies 0 - 50% 
Condition hard hard/soft soft soft 
Height full - broken top broken top upper bole gone > 50% full 121
 
 122 
 
Appendix B. 
Candidate Microhabitat Model Set for Male and Female Northern Long-eared Bats 
 
No. Model statement 
1 height + dbh 
2 height + dbh + cc_roost + mc_roost 
3 mc_roost 
4 dist_nearest + dist_tallest 
5 cc_roost + canclosure 
6 canclosure 
7 north + east 
8 slope + north + east 
9 slope 
10 cc_roost + mc_roost + canclosure 
11 ltba + ltct 
12 ltba + ltct + dtba + dtct 
13 dist_nearest + dist_tallest + ltba + ltct 
14 dist_nearest + dist_tallest + mc_roost + ltba + ltct 
15 dtba + dtct + dist_pr 
16 dist_pr 
17 mc_roost + dist_pr 
18 height + dbh + dtba + dtct + dist_pr 
19 height + dbh + dist_pr 
20 height + dbh + dist_nearest + dist_tallest 
21 height + dbh + cc_roost + canclosure 
22 dist_nearest + dist_tallest + slope + north + east 
23 slope + north + east + cc_roost + canclosure 
24 slope + north + east + dtba + dtct + dist_pr 
25 dist_nearest + dist_tallest + ltba + ltct + dtba + dtct 
26 north + east + ltba + ltct + dtba + dtct 
27 slope + cc_roost + mc_roost + canclosure  
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Appendix C. 
Candidate Macrohabitat Model Set for Male and Female Northern Long-Eared Bats 
 
No.  Model statement 
1 age 
2 dist_mature 
3 age + dist_mature 
4 dist_cove 
5 dist_upland 
6 dist_cove + dist_upland 
7 dist_linopen 
8 dist_nonlinopen 
9 distlinopen + dist_nonlinopen 
10 dist_cove + dist_upland + dist_linopen + dist_nonlinopen 
11 dist_perstrm 
12 den_intstrm 
13 dist_perstrm + den_intstrm 
14 dist_cove + dist_upland + dist_perstrm + den_intstrm 
15 area 
16 elev 
17 age + dist_mature + elev 
18 age + dist_mature + dist_cove + dist_upland 
19 dist_cove + dist_upland + elev 
20 dist_linopen + dist_nonlinopen + elev 
21 dist_perstrm + den_intstrm + elev 
22 area + elev 
23 dist_cove + dist_upland + area 
24 dist_linopen + dist_nonlinopen + dist_perstrm + den_intstrm 
25 age + dist_mature + area 
26 dist_perstrm + den_intstrm + area 
27 dist_linopen + dist_nonlinopen + area 
28 age + dist_mature + area 
29 age + dist_mature + dist_perstrm + den_intstrm 
30 age + dist_mature + dist_cove + dist_upland + elev 
31 dist_linopen + dist_nonlinopen + dist_perstrm + den_intstrm + elev 
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